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ABSTRACT 
This research presents a methodology that accounts for variability of key 
pavement design input variables and variations due to lack-of-fit of the design 
models and assesses effects on pavement performance (fatigue and 
deformation life).  Variability is described by statistical terms such as mean and 
standard deviation and by its probability density distribution. 
The subject of reliability in pavement design has pushed many highway 
organisations around the world to review their design methodologies to 
evaluate the effect of variations in materials on pavement performance.  This 
research has reinforced this need for considering the variability of design 
parameters in the design procedure and to conceive a pavement system in a 
probabilistic way, similar to structural designs.   
This study has only considered flexible pavements.  The sites considered for 
the analysis, all in the UK (including Northern Ireland), were mainly motorways 
or major trunk roads.  Pavement survey data analysed were for Lane 1, the 
most heavily trafficked lane.  Sections 1km long were considered wherever 
possible.   
Statistical characterisation of the variation of layer thickness, asphalt stiffness 
and subgrade stiffness input parameters is addressed.  A model is then 
proposed which represents an improvement on the Method of Equivalent 
Thickness for the calculation of strains and life for flexible pavements.  The 
output is a statistical assessment of the estimated pavement performance.  
The proposed model to calculate the fatigue and deformation life is very fast 
and simple, and is well suited to use in a pavement management system where 
stresses and strains must be calculated millions of times.   
The research shows that the parameters with the greatest influence on the 
variability of predicted fatigue performance are the asphalt stiffness modulus 
and thickness.  The parameters with the greatest influence on the variability of 
predicted deformation performance are the granular subbase thickness, the 
asphalt thickness and the subgrade stiffness. 
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1 Introduction 
Achieving durability of pavement structures is crucial not only for the Highways 
Agency in the UK but for any other highway authority in the world.  Funding is 
getting tighter for both new build and maintenance of existing assets with 
consequent pressure on highway designers to construct durable pavements 
which offer at the same time good value for money to the client, minimum 
disruption to road users, and minimal impact on the environment.   
However, it is difficult to accurately design and predict the life and form of 
distress of a pavement structure because all of the variables involved, such as 
traffic prediction, material properties and layer thickness, are 
random/uncertain/stochastic in nature.  This means that these variables vary 
in space and time with resulting variability in the performance of a pavement.  
The recognition of the stochastic or random nature of material properties has 
brought more attention to the explicit use of reliability concepts within the field 
of pavement design (i.e., structural thickness) and maintenance (i.e., overlay 
thickness) around the world.  Reliability is defined as the probability that the 
pavement system will perform its intended function over its design life and 
under certain conditions (i.e., environmental and operating).   
Most pavement engineers know that pavement materials, environment, 
loading and construction affect the performance of a pavement and the 
variability observed in each of these parameters introduces a certain level of 
risk.  The recognised need to account for these variabilities in the design 
process is pushing many highway authorities in the world to move from a 
traditional deterministic approach, based on a single input/output value, 
towards a probabilistic design, which includes a mean, variance and probability 
distribution.  The probabilistic approach offers a way of incorporating risk 
assessment considerations which are vital for whole-life cycle economic 
analysis and decisions. 
Consequently, variability of the pavement design input parameters and 
appropriate methods to account for this variability to estimate correctly the 
probability of failure have to be considered and developed.  Accurate and 
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of vital importance to minimise the risk of premature failure. 
1.1 Aim of the research  
Premature failure of pavement structures is often due to the inability to 
incorporate variations in materials and construction into the design procedure.  
Among the various parameters responsible for a successful performance of a 
highway system is the layer thickness.  The research starts by looking at the 
layer thickness variation in detail, to quantify its variability on a number of case 
studies in the UK and to develop a methodology to account for this variability 
on the performance life (i.e., fatigue cracking and permanent deformation or 
rutting).  The importance of layer thickness variability is principally for: 
x Impact on expected pavement life. 
x Back-calculation analysis hence overlay design. 
x More reliable maintenance strategy decisions. 
Once the assessment of layer thickness variation is satisfied, the research will 
concentrate on the variability of the other important factors involved in the 
pavement design such the subgrade strength and the asphalt fatigue 
properties.   
The subject of reliability in pavement design has pushed many highway 
organisations around the world to review their design methodologies, mainly 
empirical, to move towards mechanistic-empirical analysis and design which 
provide the tools for the designer to evaluate the effect of variations in 
materials on pavement performance.  It is the final aim of this research to re-
enforce this need for considering the variability of design parameters in the 
design procedure and to conceive a pavement system in a probabilistic way 
similarly to structural designs.  It is also intended to assess the variability of 
input (and output) parameters by using simple relationships for fatigue and 
permanent deformation (rutting) prediction.  This because the complexity of 
the predictive equation has no direct influence on variability of prediction, and 
so it is not relevant for this work.    
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The scope of the study is to consider flexible pavements only and to consider 
mainly thickness data from non-destructive radar surveys.  The sites 
considered for the analysis, all in the UK (including Northern Ireland), are 
mainly motorways or major trunk roads.  The exact location of some of the 
sites cannot be revealed due to confidentiality of information.  The focus of the 
analysis remains on Lane 1, the most heavily trafficked lane, and sections 1km 
long have been considered wherever possible.  A total of eight sites have been 
considered in the research.  Two thin pavement structures have also been 
included in the assessment. 
1.2 Report layout 
The report has been organised with the following structure: 
x Chapter 2 reviews the variability in pavement design by looking at the 
uncertainties of the main design input parameters. 
x Chapter 3 presents a literature review on reliability in pavement design.  
Reliability theory and the most common reliability methodologies are 
introduced followed by an overview of how reliability concepts are 
addressed around the world.  Gaps in the research are identified and a 
research methodology is proposed at the end of the chapter. 
x Chapter 4 discusses the methodology used to develop the research 
objectives.  A description of the sites is provided and data collection 
techniques used are discussed.  The theory behind the Power Spectrum 
analysis and the Method of Equivalent Thickness (MET) is presented.   
x Chapter 5 reports all the findings made on the characterisation of the 
variation of the layer thickness input parameter.  The chapter also explains 
how a Power Spectral Analysis has been used to generate random asphalt 
and sub-base thickness profiles for the purpose of future simulations. 
x In Chapter 6 the statistical characterisation of asphalt stiffness modulus 
variability is introduced.  Then, the impact of three major sources of errors 
on the back-calculated pavement layer moduli ± namely pavement 
thickness errors, random deflection errors and limited number of data 
points ± are discussed and a methodology is proposed for possible 
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inclusion of the above errors in the overall asphalt stiffness variability 
assessment.  Finally, a comparison is made between field and laboratory 
tests typically used to assess the structural characteristics of a pavement 
structure.   
x In chapter 7 the statistical characterisation of subgrade stiffness variability 
and the effect of subgrade stiffness variations on expected pavement life 
are assessed.  A sensitivity analysis is also carried out on homogeneous 
sections identified on each site to assess which design input parameters 
most greatly affect the resulting pavement life. 
x Chapter 8 presents the model used to calculate the pavement life.  The 
chapter starts with the review of the Method of Equivalent Thickness and a 
comparison is made with another analytical tool (BISAR) to calculate 
strains and stresses in a pavement structure.  Then a model is proposed 
which represents an improvement on the Method of Equivalent Thickness 
for the calculation of strains and fatigue life for flexible pavements.  The 
model provides a simple and efficient method for practical purposes, for 
example in Pavement Management Systems or in simulation of pavement 
deterioration, where stresses and strains must be calculated a large 
number of times.  Possible model adjustments to the calculated mean and 
variance are discussed to account for the model bias error.  This chapter 
also explores the difference in back-analysis results when different 
numbers of layers are used to model a pavement structure. 
x Chapter 9 presents examples of the Monte Carlo Simulation (MCS) and the 
Method of Moments (MM) methods to show how variability of design input 
parameters can be used and how they affect the design life probability 
distribution.   
x Chapter 10 presents a summary of the research findings and conclusions 
are made based on the results of the previous observations.  Ideas for 
future related work are then introduced.  
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2 Variability in pavement design 
9DULDELOLW\LQWKH³DV-EXLOW´SURSHUWLHVRISDYHPHQWPDWHULDOVDQGXQFHUWDLQWLHV
in traffic loading forecast have been recognised for quite a long time.  Darter 
et al. (1973) used data from the Texas flexible pavement system to illustrate 
three basic types of variations encountered in flexible pavement designs: 
variations within a design length (i.e. a section with nominally uniform 
pavement thickness and materials type); variations between design and actual 
values; and variations due to lack-of-fit of the design models. 
This section introduces 1) what parameters affect the pavement performance, 
2) an overview of currently used pavement design approaches, 3) the definition 
of failure, and 4) an overview of the variability of the factors affecting the 
pavement performance. 
2.1 Parameters affecting pavement 
performance 
The main parameters affecting pavement performance can be grouped as 
follows (see Figure 2.1): 
x The properties of the subgrade soil on which the pavement layers will be 
constructed.  This parameter is generally represented by the subgrade 
stiffness. 
x The pavement layer characteristics represented by the layer thicknesses 
and stiffnesses. 
x The traffic characteristics that the pavement will withstand during the 
design period. This parameter is generally represented by the accumulated 
number of ESALs (Equivalent Standard Axle Loads).  
x The climatic conditions that the pavement will be subjected to during the 
design period. 
x The quality of construction methods and workmanship.  
x The timing and appropriate schedule of maintenance treatments. 
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Figure 2.1  Factors influencing pavement performance (from Tighe et 
al., 2001) 
While construction and maintenance activities clearly affect the pavement 
performance, these factors cannot be directly accounted for in the design 
process.  Much emphasis is, therefore, given to the other parameters used in 
the design: namely traffic, the environmental conditions, and structure and 
materials.  
2.2 Pavement design approaches 
The major components of pavement design are the input system, prediction 
models, transfer functions and an output system that consists of predicted 
pavement performance.  Current pavement design approaches (Jiménez and 
Mrawira, 2012) can be divided into two categories: deterministic and 
probabilistic.  In a deterministic approach single values are adopted for all input 
parameters and the prediction results are single numbers of pavement 
performance.  In contrast, probabilistic analysis treats all input parameters as 
variables that change according to an assigned probability distribution 
function.  Probabilistic analysis also yields a more comprehensive estimate 
than deterministic analysis by providing a range of likely outputs. 
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2.2.1 Probabilistic analysis 
Probabilistic analysis, first introduced by Darter and Hudson in 1973, has 
received considerable attention in pavement management.  Many examples 
exist in the literature where transformation of pavement performance 
prediction from a deterministic to a probabilistic approach has been developed.  
Generally, probabilistic analysis represents a reliability-based approach to 
pavement design to address uncertainties in predicting performance of a 
pavement during its intended life.  
In the literature often probabilistic assessments of pavement performance 
were carried out by 1) ignoring traffic uncertainties and/or environmental 
actions, i.e., the pavement performance is a function of a set of random 
variables that do not vary with time (Alsherri and George 1988); or 2) assuming 
that the pavement deterioration can be modelled as a Markov process (Wang 
et al. 1994, Li et al. 1996, Lemer and Moavenzadeh 1971). 
Probabilistic analysis based on the assumption given in 1) can be carried out 
by using, for example, the first order second moment method (Basma and Al-
Balbissi 1989) or the first order reliability method (FORM).  The use of FORM 
has been considered by Chua et al. (1992) for predicting pavement distress 
and Kim and Buch (2003) for fatigue design of a pavement.  Simple simulation 
techniques are also often used to assess the pavement performance (Lemer 
and Moavenzadeh 1971, Timm et al. 2000, Hong and Somo 2001).  All of these 
techniques basically attempt to evaluate the multidimensional probability 
integral that defines the structural failure.  
The Markov approach has been used to address the stochastic variation of the 
traffic load and environmental effects.  The Markov chain based models for 
pavement performance prediction consider that if one can predict the 
pavement performance at time t1, the pavement performance at time t2, t2>t1, 
is not known exactly except in probabilistic terms.  The Markov Chain is 
perhaps the most popular probabilistic analysis technique for network level 
analysis.  Probabilistic methods involve the development of a Transition 
Probabilities Matrix (TPM).  Li et al. (1996) suggested constructing the 
transition matrix through Monte Carlo simulation (i.e., by treating data input of 
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pavement design parameters as random variables) and using the constructed 
transition matrix to predict the pavement performance.  However, according to 
Paramapathy and Pandey 2000 (as cited in Hong and Somo 2001), one may 
directly evaluate the pavement performance using simple simulation 
techniques instead of constructing such a matrix. 
Whether the possible temporal correlation between the traffic load and the 
environmental effects can be ignored for reliability analysis was investigated 
by Wang and Hong (2004).  They concluded that the pavement performance 
variability is relatively insensitive to uncertainties in traffic load and 
environmental actions.  Pavement performance variability is instead more 
sensitive to uncertainties in material properties and geometry variables 
(subgrade stiffness and total pavement thickness). 
2.2.2 Performance prediction models 
Performance prediction models can be divided into purely mechanistic, 
empirical (regression) models, and mechanistic-empirical. 
2.2.2.1 Mechanistic  
Mechanistic models require knowledge of the mechanical behaviour of the 
various materials - specifically their stress-strain responses.  However, the 
materials used in pavements do not have linear elastic behaviour and using 
linear elastic models is a large simplification.  For example, granular materials 
have a nonlinear elastic response, which depends on the confinement of the 
material and the degree of compaction and saturation.  Asphalt concrete has 
a visco-plastic response to loading, dependent on the compaction of the 
material, the time of loading, and the temperature.  Predictions from any 
deterministic or mechanistic model only provide the mean value, and are not 
capable of modelling the dispersion.  The use of probabilistic approaches to 
address such limitations on performance modelling has been suggested 
elsewhere (Li et al., 1996). 
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2.2.2.2 Empirical  
Empirical procedures are those that rely on models developed from experience 
or observations of past performance.  Traditional regression modelling 
employs either: the least square or the maximum likelihood approach, to find 
the values of the coefficients of a given functional form (linear, exponential, 
potential, logarithmic or polynomial).  An example of empirical models is the 
1993 AASHTO guide which is based on empirical models drawn from field 
SHUIRUPDQFHGDWDPHDVXUHGDWWKH$$6+2URDGWHVWLQWKHODWH¶V7KH
main limitations of empirical models are: 
x Developed for use under particular conditions ± difficult to use under 
different conditions. 
x Most of them do not contain material properties. 
x They are not comprehensive (do not consider all influencing factors). 
The UK pavement design method described in HD 26 (Design Manual for 
Roads and Bridges, Volume 7) is semi-empirical (analytical alternatives are 
allowed). 
2.2.2.3 Mechanistic-empirical 
Mechanistic-empirical models combine some mechanical modelling with an 
empirically calibrated transfer function, relating the distress prediction to some 
calculated critical stress/strain in the pavement.  They are particularly useful at 
the project level ± for design of the pavement structure.  An example of 
mechanistic-empirical models is that provided in the 2008 M-E Design Guide 
(AASHTO, 2008).  The main limitations of M-E models are: 
x Accuracy depends on both the response models and the performance 
models. 
x Response models contain several simplifications (eg. Material behaviour). 
x More detailed data input is required. 
 Variability in pavement design Page 10  
 
 
2.3 Definition of failure 
A pavement is designed to withstand the design traffic during its design life.  A 
pavement failure is characterised by the development of a particular type of 
distress (such as fatigue cracking and rutting on flexible pavements) of 
sufficient severity and extent at different points within a pavement section.  
Despite a pavement section being designed and constructed the same way, 
random variations in material properties and as-built characteristics cause 
localised deficiencies.  
2.3.1 Stress calculation 
A number of different analytical models can be used to predict the stress, strain 
and deformation in a pavement under simulated wheel and environmental 
loading conditions.  The main models are based on multilayer elastic theory 
and Finite Element analysis.  The multilayer elastic models are relatively easy 
to operate and widely used.  However, they cannot address issues related to 
environmental loading (i.e., that due to daily temperature changes, moisture 
variations etc.).  FE models are capable of addressing both wheel and 
environmental loading but are very complicated to operate and time-
consuming.   
2.3.2 Transfer functions 
Transfer functions are relationships developed to relate the state of stress in a 
pavement to its overall performance.  In current M-E design procedures for 
flexible pavements ± despite the multitude of relationships available ± the 
primary transfer functions are those that relate 1) wheel load tensile strain at 
the bottom of the asphalt layers to eventual fatigue cracking and 2) wheel load 
compressive strain (or stress) at the top of the subgrade to permanent 
deformation.  These models are generally derived from extensive research on 
correlations between pavement response and observed performance of 
laboratory test specimens, full-scale road test experiments (i.e., AASHTO), or 
by both methods. 
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2.4 Performance of pavement designs 
All variations in materials and construction, if not properly incorporated into the 
design procedure, may contribute to premature failure of a pavement structure.  
7KHDXWKRU¶VH[SHULHQFHKDVVKRZQWKDWVRPHUHFHQWO\EXLOWPRWRUZD\VLQWKH
UK have suffered from premature failure because of the ignoring of these 
variabilities.  In addition, the design equations are often based on observations 
of the performance of sections of roads built in the past where different material 
properties and construction techniques were employed compared to those of 
today.  This issue probably justifies the large difference sometimes observed 
between the performance life and the intended design life. 
These considerations are expressed in Figure 2.2.  For example, although a 
pavement is designed for a 20 year design period, with reconstruction or 
rehabilitation expected at the end of the design life, the actual pavement may 
exhibit sections that fail prematurely due to, for example, errors in design, in 
construction, in materials and in maintenance. 
 
Figure 2.2  Performance of existing pavement designs (from 
Transportation Research Circular E-C118, 2007) 
If the material variability were known and included in the design procedure the 
difference between the design and in-service life should be reduced.  This 
would also allow better and more robust decisions to be taken in terms of whole 
life cost analysis.   
 Variability in pavement design Page 12  
 
 
Material variability can be described by statistical terms such as mean and 
standard deviation (assuming a normal distribution) or by its probability density 
distribution.  A useful dimensionless way of expressing the variability of a 
PDWHULDO¶VSURSHUW\LVWRXVHWKHUDWLRRIWKHVWDQGDUGGHYLDWLRQRYHUWKHPHDQ
known as coefficient of variation (COV).  Knowledge of the coefficient of 
variation of each design input is extremely important to more accurately 
estimate their influence on the predicted pavement life.   
2.5 Impact of variability on pavement 
performance 
Many pavement design procedures are based around single values of the 
pavement and traffic characteristics which represent average conditions ± 
average values, sometimes with a margin of safety, that do not account for 
variability in the pavement and traffic loads.  Variability exists in pavements 
due to construction practices, quality control, environmental conditions, 
material characteristics and traffic conditions and this variability has been 
known for quite a while (Darter et al., 1973). 
Commonly observed variability in pavement characteristics have been 
quantified by Darter et al. (1973), Noureldin et al. (1994), Hughes (1996), Kim 
et al. (2003), Huang (2004).  The variability associated with traffic and 
pavement parameters has a significant impact on the performance of 
pavements (and reliability of pavement design) and should, therefore, be 
addressed and quantified when modelling pavement performance and when 
developing maintenance programmes.  Therefore, the major design input 
parameters for pavement design such as moduli of layers, thickness of layers, 
traffic volume etc. should each be defined as a random variable with its mean 
and standard deviation (assuming a normal distribution) or its complete 
probability distribution.  The pavement performance function can subsequently 
also be characterised in statistical terms.  In other words, because the values 
used to calculate the performance life of a pavement structure (e.g. fatigue life 
Nf) are not exact values but are distributed over a range, for each pavement 
there is an expected value of Nf and associated variance that describes the 
distribution Nf will follow.  George and Husain (1986) and later Prozzi and Guo 
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(2007) have supported previous significant experimental evidence that the 
distribution of fatigue lives at a particular stress level is lognormal.   
Quantifying and analysing variability of pavement materials and design inputs 
are, therefore, fundamental in developing a probabilistic-based design that 
evaluates reliability.  
Kim et al. (2003) grouped the main sources of uncertainty in the AASHTO M-
E flexible pavement design into two categories: 
x Uncertainties of design parameters and 
x Systematic errors 
The first group represents the spatial variability and inconsistent estimation of 
the parameters (e.g. random measurement error in determining the strength 
of subgrade soil) while the second group is related to the model bias in 
predicting pavement performance. 
2.6 Uncertainties of design parameters 
2.6.1 Variations within a design length 
Spatial variability includes the differences in the basic properties of materials 
from one point to another in what are assumed to be homogeneous layers 
within a design length as well as differences in the material and cross-sectional 
properties due to construction quality.  This is also referred as inherent 
variability or randomness. 
2.6.1.1 Variations in pavement/subgrade stiffness 
Darter et al. (1973) reported the results of pavement and subgrade stiffness 
variability related to 153 in-service pavements in Texas as obtained by FWD 
(Falling Weight Deflectometer) measurements: 
x The pavement and subgrade stiffness coefficients come from 
approximately normal distributions, with a tendency to skew toward the 
lower values. 
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x The in-situ coefficient of variation for the various materials considered 
ranged from 9 to 24 percent. 
x The average coefficient of variation of the subgrade stiffness coefficient 
was 10%.   
2.6.1.2 Variations in pavement layer thickness 
Darter et al. (1973) reported an average coefficient of variation of about 10% 
for the pavement thickness (from core measurements) with an approximately 
normal distribution type. 
2.6.1.3 Variations in smoothness 
Roughness is related to the riding quality property of a pavement and affects 
the initial serviceability index in the AASHTO design manual.  Darter et al. 
(1973) showed that the serviceability index calculated from a Surface 
Dynamics Profilometer followed a normal distribution. 
2.6.2 Variations between design and actual 
values 
These variations result mainly from pavement construction conditions and 
variability can be minimised through standard specifications and quality control 
and assurance processes.  Variations are for pavement and subgrade 
stiffness, layer thickness, climatic variations, pavement smoothness and traffic 
load forecasting variations. 
2.6.2.1 Pavement and subgrade stiffness 
Darter et al. (1973) reported that these variations can be quite large.  Figure 
2.3 shows the wide range in stiffness, especially for the treated base materials, 
that exists in-situ in highway pavements for the same material type.  
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Figure 2.3  Illustration of in situ stiffness coefficients for various 
pavement materials (Figure 4.12 from Darter et al. 1973) 
2.6.2.2 Layer thickness 
Selezneva et al. (2003) studied layer thickness variability by analysing 
thickness data (elevation and core measurements) from a large number of 
newly constructed flexible and rigid pavement sections taken from the Long 
Term Pavement Performance (LTPP) database.  The study ± which focussed 
on the comparison between the as-constructed and as-designed flexible 
pavement layer thicknesses - concluded that: 
x The mean deviations between as-designed and as-constructed layer 
thicknesses for layers with the same material type and design thickness 
combination follow a normal distribution. 
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x Despite different computed description statistics between elevation and 
core measurement data, the variances for core and elevation 
PHDVXUHPHQWVFDQEHDVVXPHG³HTXDO´IRUWKHPDMRULW\RIWKHOD\HUVZKLOH
WKHPHDQVDUHWHVWHG³HTXDO´IRURIWKHOD\HUV 
x The mean constructed layer thicknesses tend to be above the designed 
value for the thinner layers and below the design value for the thicker layers 
for the same layer and material type. 
A study from Aguiar-Moya et al. (2009) on Long Term Pavement Performance 
(LTPP) SPS-1 sections located in the state of Texas concluded that 86.1% of 
the analysed pavement layers ± hot-mix asphalt (HMA) surface layer, the HMA 
binder course, and the granular base layer, as determined by Ground 
Penetrating Radar (GPR) ± have normally distributed thicknesses. 
Maser et al. (2013) have demonstrated the use of non-destructive evaluation 
(NDE) methods ± represented by GPR surveys - for rapidly determining the 
average pavement thickness on a newly constructed section to be within 
2.5mm of the true value (accuracy requirement for quality assurance of new 
construction, according to Deacon et al. 1997 as cited in Maser et al. 2013), 
without extensive reliance on cores.  
$µSHJOHVVSDYLQJFRQWURO¶LVQRWDGUHDPDQ\PRUH  In an article to the NCE 
magazine Hayward (2010) describes the incredible accuracy that is reached 
nowadays with 3D paving technology.  A 5mm level accuracy was achieved 
on the Irish motorway contact mentioned in the article without a site-worn ruler 
or sagging fish-gut stringline to worry about.  Accuracy to as low as 1 mm level 
is claimed by the manufacturer, Trimble PCS900 Paving Control System. 
2.6.2.3 Climatic variations 
Environmental variations have an impact on the pavement and subgrade 
stiffness values.  Unbound materials are affected by moisture change and by 
freeze-thaw cycles during winter and spring seasons.  Asphalt concrete 
responds to temperature variations, which affects directly the dynamic 
modulus of the mixture. 
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2.6.2.4 Pavement smoothness 
An estimate of the difference between the initial design serviceability of a newly 
constructed pavement and the actual as-built serviceability was reported by 
Darter et al. (1973) ± based on serviceability measurements made in Utah and 
Minnesota - to be negligible. 
In a more recent extensive study carried out by AASHTO in 2008, data 
collected from 32 states showed that network-level IRI (International 
Roughness Index) data from different states contain baseline measurement 
error of the order of 15 percent due to differences in equipment, calibration 
practices, and variations across operators. 
2.6.2.5 Traffic load forecasting variations 
Proper vehicle classification, accurate estimate of average daily traffic, and 
percentage of different vehicle types in a given lane are particularly important 
in the calculation of the cumulative design traffic that the pavement will carry.  
In the case of new roads this forecast is particularly difficult as the traffic 
volume and type are not known.  
Darter et al. (1973) reported that there are many uncertainties associated with 
the design load that a pavement will carry.  They reported the following 
coefficients of variations for the main types of uncertainties: 
x Design AADTs (i.e. conversion of mix traffic to 8t equivalent axle loads): 
Existing highways COV from 10% to 20%; New highways COV from 15% 
to 30%. 
x Axle factor: COV from 5% to 15%. 
x Percent trucks: COV from 10% to 15%. 
Shekharan and al. (2002) investigated the variation in reliability with traffic 
loads and they concluded that: 
x The reliability decreases with an increase of Class 9 vehicles (i.e., five-axle 
semitrailer trucks with a steering axle, tandem drive axles, and rear tandem 
axles). 
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x The variation in reliability of pavements that are thicker is less.  In other 
words, in thinner sections (lower structural number or thinner slab) reliability 
changes rapidly with an increase in the number of ESALs or the percentage 
of heavier trucks.  
2.6.3 Variability due to the imprecision in 
quantifying the parameters 
The imprecision in quantifying the parameters is related to the random 
measurement error of the pavement material properties.  This variability is 
usually minimised through standard testing procedures and annual correlation 
trials.  Although a level of uncertainty is always inherent to any measurement 
process, it must also be appropriately quantified or assessed. 
2.6.3.1 GPR (Ground Penetrating Radar) accuracy 
GPR surveys are normally calibrated against cores to increase their reliability.  
In the USA, Maser and Vandre (2006) defined the accuracy of GPR data as 
the deviation between a core thickness and the GPR thickness calculated at 
the core location and reported the expected accuracy to be from 5 to 10% of 
the total thickness for project level evaluations.  According to Loizos and Plati 
(2007), at network level GPR surveys are sufficient and effective in estimating 
the AC (Asphalt Concrete) layer thickness; additional cores to support GPR 
surveys are recommended for detailed investigation.   
In the UK, annual accreditation trials take place for all the major condition 
survey techniques used on the network, including the GPR equipment.  Clause 
 LQ +'  VWDWHV WKDW ³*35 WULDOV KDYH VKRZQ WKDW DW VORZ VSHHG
(<25km/h), GPR could determine the combined bound layer thickness with an 
accuracy of approximately 5 per cent of the real thickness.  However, at traffic 
speed (70km/h) the error could increase to approximately 9 per cent.  For 
underlying layers of hydraulically bound and unbound material, the expected 
accuracies are approximately ±15 per cent and ±30 per cent, respectively, of 
thHUHDO WKLFNQHVV´ $V IRUFRUHVXUYH\DFFXUDF\&ODXVH% LQ+'
VWDWHVWKDW³7\SLFDOO\WKHDFFXUDF\ZLWKZKLFKWKHDFWXDOWKLFNQHVVHVPD\EH
PHDVXUHGIURPDFRUHLVPPLIWKHFRUHLVIXOO\H[WUDFWHGDQGQRWGDPDJHG´ 
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The impact of GPR layer thickness errors on data analysis, such as in FWD 
backanalysis, has been found in several studies (Briggs et al. 1992, Collop 
2000, Lagarde-Forest et al. 2008).  The main conclusions from their 
investigations are: 
x Variations in layer thicknesses did not appreciably affect the 
backcalculated modulus of the subgrade. 
x Variations in layer thicknesses affect noticeably the backcalculated 
modulus of the asphalt surfacing and unbound base materials. 
x According to Collop (2000), incorrect assumptions regarding the mean 
asphalt layer thickness primarily influence the mean value of the back-
calculated asphaltic material stiffness modulus.  For example, incorrect 
assumptions regarding the correct asphalt layer thickness in the range of 
±15% result in a FWD stiffness modulus mean error of between ~ -30% 
and +40%. 
x According to Collop (2000), both incorrect assumptions regarding the mean 
asphalt layer thickness and variations in the thickness of the asphalt layer 
around the mean value influence the standard deviation of the back-
calculated asphaltic material stiffness modulus.  For example, random 
asphalt thickness variations in the range 0 to 15% result in a FWD stiffness 
modulus standard deviation error of between ~-30% and +340%. 
Clause 5.28 in HD 29/08 gives a flavour of the impact of inaccurate layer 
WKLFNQHVVLQIRUPDWLRQRQEDFNFDOFXODWHGPRGXOLZKLFKLV³)RUH[DPSOHD
per cent underestimate of the thickness of a bound layer can result in a fifty 
SHUFHQWRYHUHVWLPDWHRIWKHVWLIIQHVVRIWKDWOD\HU´ 
To improve the reliability of thickness data obtained by GPR surveys Lagarde-
Forest et al. (2008) proposed a unified Quality Assurance approach which 
includes operator training, equipment accreditation, as well as internal and 
external audit requirements.  
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2.6.3.2 FWD accuracy 
The accuracy of FWD measurements is important primarily for backanalysis 
calculation of pavement layer moduli. 
Typical FWD specifications state that "Deflections shall be accurate to ±2 
percent or ±2 microns, whichever is larger." 
x The ±2 micron (standard deviation) error is a random error, independent of 
the magnitude of the deflection; 
x The ±2 percent error is a systematic error. 
Typically, the root mean square error is used to quantify the goodness of fit of 
the entire set of deflections and, therefore, to assess the accuracy of the 
backcalculated moduli.  The solution produced by computer programs for the 
backcalculated pavement moduli at each measured point is considered 
satisfactory if the error between the measured and the computed deflection is 
minimised to a specified threshold.  However, this criterion does not 
necessarily give reasonable values, especially because the iterative process 
during backcalculation depends heavily on the initial seed value provided by 
the user.  Also, other important aspects such as the presence of damaged 
layers, thickness variation, and temperature changes are known to significantly 
affect the results. 
Irwin et al (1989) simulated the effect of random deflection measurement errors 
combined with random variability of pavement layer thickness.  They 
concluded that while the combined variability did not noticeably affect the 
backcalculated modulus of the subgrade a high degree of variability was 
observed in the backcalculated moduli of the surface and (unbound) base 
course layers.  
2.6.3.3 Weigh-in-motion (WIM) systems accuracy 
WIM systems are used to automatically collect traffic data information for 
pavement design or for monitoring performance in the case of existing 
pavements.  One source of variation is the calibration drift.  Figure 1 in 
6KHNKDUDQHWDO ¶VSDSHUVHHFigure 2.4) shows the effects of scale 
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calibration error on the computation of ESAL values.  For example, a 5% error 
in the determination of actual load values can result in about a 21% difference 
in the ESAL values. 
 
Figure 2.4  Effect of Weigh-in-Motion scale calibration drift on the 
accuracy of ESAL calculations (from Shekharan et al. 2002) 
2.7 Systematic errors 
2.7.1 Variations due to model bias 
Model bias is related to the assumptions made and to the simplification of a 
complex pavement performance model to a simple mathematical expression.  
Theyse (2006) demonstrated how important it is that realistic and accurate 
stress/strain and damage models are used in the design method.  He showed 
that any error in the engineering models is reflected out of proportion in the 
structural capacity estimate because of the mostly logarithmic expressions 
used in the engineering models. 
For example, in mechanistic pavement designs the prediction of pavement 
fatigue life is related to the estimates of fatigue cracking which is assumed to 
be related to the tensile strain at the bottom of the asphalt layer, calculated 
using a layered elastic analysis, at a single temperature and using the stiffness 
modulus of the bituminous mixture, measured from frequency sweep tests 
(Pais et al. 2002).  The fatigue life is usually obtained by fatigue testing 
conducted at relatively large strain levels, and using few strain levels to 
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minimise the required laboratory testing time.  Then, assuming logarithmic 
linearity in the fatigue life, a regression line is typically fitted to the data and 
extrapolation is applied to the design strain level.  The accuracy of this 
extrapolation depends on the number of laboratory fatigue tests used to obtain 
the fatigue life.  The fatigue law, which represents the best fit of all fatigue test 
results, is obtained testing specimens at two or more strain levels and some 
replicates for each strain level.  However, an increased accuracy in the fatigue 
life by increasing the number of test strain levels and number of replicates for 
each strain level needs to be balanced with the increased costs of material 
characterisation.  Pais et al. (2002) carried out a statistical analysis and 
concluded that the variability of fatigue life can be reduced by using 3 strain 
levels and at least 3 test replicates for each strain level. 
2.7.2 Variations due to statistical error 
Statistical error derives from the lack of fit of the regression equation of the 
design models as well as the sample size.  The lack-of-fit deviation represents 
one or more deficiencies in the design equation and the difference may be 
either systematic or random (Shekharan et al., 2002).  Changing mathematical 
models to refit the original data and changing fitting procedures may alleviate 
the design equation deficiencies but a certain degree of lack of fit will always 
exist.  
This type of variation is due to the poor estimate of exact results when actual 
average values of all design parameters are known.  In other words it is due to 
the lack of fit between the model predictions and actual results.  Darter et al. 
(1973) performed a quantitative study about the effect of variations of the 
design factors on pavement costs and for different levels of reliability.  The 
study (see Figure 2.5) shows that among all variations, the variations due to 
lack-of-fit associated with the design models and the variations associated with 
the pavement/subgrade are the most influential in increasing the costs of a 
pavement design.  The costs also were shown to increase with the increase in 
the level of reliability. 
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Figure 2.5  Total cost versus reliability for specific pavement design 
problem (from Darter et al. 1973) 
x Prozzi et al. (2005) also confirmed that the surface thickness and the model 
error have the largest influence on pavement performance while the base 
and subbase thicknesses have the smallest effect on performance.  They 
estimated that if the surface thickness (which in the UK generally includes 
the binder course too) is sampled one standard deviation below its mean it 
will, on average, cause a reduction in pavement life of approximately 3 
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years.  If the model error (modelled as normal random variables with a zero 
mean and certain standard deviation) is sampled one standard deviation 
below its mean it will, on average, cause a reduction in pavement life of 
approximately 5 years.  If the base and subbases have values that are one 
standard deviation below their means the pavement life is, on average, 
reduced by one and a half years.  They also emphasised that to increase 
pavement life - since model error is inherent to the modelling process and 
can not be avoided - placing stricter quality control on the upper layers is 
far more important than controlling the base and subbase thicknesses.   
x Prozzi et al. (2005) and Darter et al. (1973) concluded that model error can 
not be ignored when considering overall pavement performance variability.  
The variability from the modelling process can be minimised by considering 
and refining all design parameters that affect pavement performance (Harr, 
1987).  
2.8 Summary of variability of design input 
parameters 
A summary of the variability of design input parameters from published sources 
- for the Mechanistic-Empirical pavement design approach - is depicted in 
Table 2.1. 
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Table 2.1  Summary of pavement material COVs from available literature 
(for the Mechanistic-Empirical pavement design approach) 
Property Description Previous Investigation 
Range of 
COV (%) 
Typical COV 
(%) 
Type of 
distribution 
Reference 
Layer 
Thickness 
Bituminous 
surface 
3 - 12 7 Normal Timm et al. (2000), 
Noureldin et al. (1994) 
3.2 - 18.4 7.2 Normal Aguiar-Moya et al. 
(2009) 
Bituminous 
binder course 
11.7 ± 16.0 13.8 Normal Aguiar-Moya et al. 
(2009) 
5 - 15 10 Normal Noureldin et al. (1994) 
Granular base 10 ± 15  12 Normal Noureldin et al. (1994) 
6.0 ± 17.2 10.3 Normal Noureldin et al. (1994) 
Granular 
subbase 
10 - 20 15 Normal Noureldin et al. (1994) 
Overlay 
thickness  
  Lognormal Tighe (2001) 
Elastic 
Modulus 
Bituminous 
Layers 
10 ± 20  15 Normal Noureldin et al. (1994) 
10 ± 40   Lognormal Timm et al. (2000) 
Granular base 10 -30  20 Normal Noureldin et al. (1994) 
5 -60  Lognormal Timm et al. (2000) 
Granular 
subbase 
10 ± 30  20 Normal Noureldin et al. (1994) 
5 ± 60   Lognormal Timm et al. (2000) 
Subgrade  10 - 30 20 Normal Noureldin et al. (1994) 
20 -45  Lognormal Timm et al. (2000) 
Marshall 
Stability 
 10 -20 15 Normal Noureldin et al. (1994) 
CBR Base 10 - 30 20 Normal Noureldin et al. (1994) 
Subbase 10 - 30 20 Normal Noureldin et al. (1994) 
Subgrade 10 - 30 20 Normal Noureldin et al. (1994) 
Percent 
Compaction 
Surface 1 - 2 1.5 Normal Noureldin et al. (1994) 
Binder course 2 - 3 2.5 Normal Noureldin et al. (1994) 
Subbase 2 - 3 2.5 Normal Noureldin et al. (1994) 
Subgrade 2 - 3 2.5 Normal Noureldin et al. (1994) 
Maximum 
deflection 
 10 - 30 20 Normal Noureldin et al. (1994) 
Traffic  42  Lognormal NCHRP Project 20-7/24 
(1985) 
 -  Extreme Value 
Type I 
Timm et al. (2000) 
 -  Normal, 
Lognormal 
and Poisson 
Zollinger and 
McCullough (1994) 
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2.9 Summary of sensitivity of design input 
on pavement performance 
The results of various sensitivity analyses carried out in the past to assess the 
variability of each design parameter and to measure its effect on the design 
are summarised below.  They refer to a typical 3-layer flexible pavement 
structure consisting of AC (asphalt) surface (equivalent to surface course and 
binder course in the UK), on top of a granular aggregate base and subgrade. 
2.9.1 Critical input parameters  
x As first shown by Darter et al. (1973), Li et al. (2002) quantified the effect 
of variability associated with layer materials and thicknesses, traffic 
(ESALs), and lack-of-fit error in asphalt pavements on reliability.  The 
conclusions of their sensitivity analysis are that the most influential design 
inputs on reliability are layer properties and thickness, followed by traffic 
and lack-of-fit error.  For example, for a COV of 15% in the above variables 
the estimated reliability after 15 years ± from an initial value of 1 at 
construction - is expected to decrease to ~0.915, 0.975 and 0.968 due to 
variability in layer properties and thickness, traffic and lack-of-fit error 
respectively.  The reliability is defined as the probability WKDWWKHSDYHPHQW¶V
traffic load capacity exceeds the cumulative traffic loading on the pavement 
design during a selected design life. 
x The parameters with the greatest influence on the variability of predicted 
fatigue performance, without considering variable loads, are AC (asphalt) 
modulus and thickness (Timm et al. 2000, Maji and Das 2008).   
x Fatigue cracking is affected by changes in the asphalt layer thickness while 
it is unaffected by changes in the granular base layer thickness (Aguiar-
Moya et al. 2009). 
x The parameters with the greatest influence on the variability of predicted 
deformation (rutting) performance, without considering variable loads, are 
the granular base thickness, AC (asphalt) thickness, and stiffness of the 
subgrade (Timm et al. 2000, Maji and Das 2008).   
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x If the traffic axle weight variability is added the output variability for fatigue 
and deformation performance is significantly changed (i.e., more than 
doubled).  Therefore, the traffic weight is the single most important input 
parameter (Timm et al. 2000, Shekran et al. 2002, Cunagin and Kent 1998).  
2.9.2 Characteristic distribution 
x Timm et al. (2000) found that the output distributions of both fatigue and 
deformation performance, obtained from Monte Carlo simulation by using 
the input distributions, may well be approximated by an extreme-value 
Type I distribution (sometimes referred to as Gumbel distribution).  
x Theoretically, all of the variables associated with pavement structure vary 
from zero to infinity, and the lognormal distribution may describe their 
variations best.  However, the normal distribution is probably the most 
popular model because of its simplicity.  Li et al. (2002) showed that the 
difference between the results from assumed normal and lognormal 
distributions in simulation exercises is negligible.  When the variation in a 
design variable is large, resulting in some cases in negative values when 
generated by a normal distribution, a log normal distribution is preferred. 
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3 Literature review on reliability in 
pavement design 
The first section of this chapter aims to briefly summarise the fundamental 
aspects of the classic theory of structural reliability, developed primarily in the 
US where this approach has been applied to pavement systems (Harr, 1987).  
The second part summarises worldwide applications of reliability concepts in 
pavement design.  The third part discusses the current gaps in the active area 
of research in probabilistic pavement design and describes how the study will 
address this challenge.   
3.1 What is reliability? 
The aim of every engineering system, whether it is a bridge or a dam or a 
highway, is to provide good value for money at a specified level of safety and 
in respect of the environment.  To achieve these objectives it is necessary to 
predict the performance of a system for which little or no previous experience 
exists.  The model elements of the civil engineering design process can be 
thought of as links of a chain (Harr, 1987), see Figure 3.1. 
 
Figure 3.1  Model of the civil engineering reliability (from Harr, 1987) 
However, civil engineering systems fail, therefore considerable differences 
exist between hypothetical and actual systems.  All elements of the model, 
such as properties of materials, induced loadings, and developed design 
procedures are far from certain.  They are all subject to varying degrees of 
randomness such as material defects, human errors, etc., therefore 
satisfactory performance cannot be absolutely guaranteed.  Instead, 
assurance can only be given in terms of the probability of success in satisfying 
some performance criterion, which is referred to as reliability.  A common 
engineering definition of reliability is as follows (Harr, 1987): Reliability is the 
probability of an object (item or system) performing its required function 
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adequately for a specified period of time under stated conditions.  The antonym 
of reliability is failure, which is the inability of a system to perform its intended 
function adequately on demand over a period of time and under specified 
conditions.   
The failure of a highway is not considered catastrophic as is, for example, the 
collapse of a bridge.  Nevertheless, the economic and social implications of 
the failure of a highway, in the form of rapid deterioration, cannot be neglected.   
Reliability can be defined and quantified by using the methods of statistics and 
probability.  Through the statistics (for example mean and standard deviation 
of a variable) the uncertainty is mathematically quantified; through the 
probability theory the information from statistics is used to compute the 
likelihood of specific events (Haldar et al., 2000).   
Reliability is indicated by a number between 1 and 0, with 1 indicating that a 
structure (for example, a pavement) will certainly perform satisfactorily for the 
conditions for which it was designed, and 0 indicating that the structure will fail.   
3.1.1 Measures of reliability 
Reliability is often referred to as the probability that the capacity C (i.e., 
strength, resistance) should at least satisfy the demand D (i.e., stress, load), 
see Figure 3.2.  For flexible pavements, strength is generally defined with 
distress models, often called design equations or transfer functions.  Transfer 
functions establish the relationship between the structural responses and the 
permissible number of load repetitions for defined failure criteria.  A pavement 
structure is considered to fail when the level of stress exceeds the level of 
strength (i.e., excessive cracking and/or rutting).  The probability of successful 
performance, alias reliability, is generally expressed as a decimal, such as 0.99 
or as a percentage, such as 99%.  The corresponding probability of failure or 
risk is 0.01 or 1%.  Many different terms are used to describe the reliability of 
an engineering system.  Four measures of reliability are commonly used (Harr, 
1987): 
x The conventional factor of safety FS 
x The central factor of safety CFS 
  
 
Literature review on reliability in pavement design Page 30  
 
x The safety margin S; and 
x The reliability index E 
Variability of the layer materials and construction practices will primarily affect 
the probability distribution function of the capacity C, whereas the uncertainties 
associated with vehicle loadings and environmental effects will mainly 
influence the demand D. 
3.1.1.1 The conventional factor of safety 
Engineers in the past have accounted for the uncertainties involved in the 
analysis and design of engineering systems, and therefore assessed the risk 
of failure by using empirical safety factors, learned from previous experience.  
The design safety is ensured in a deterministic approach (i.e., using nominal 
values) by assuring that the capacity is greater than the demand with a 
specified factor of safety: 
Nominal 
N
N
S D
CF  
 
(3.1) 
Where FS is the safety factor, CN and DN are the deterministic (nominal) values 
of the capacity and demand parameters respectively. 
If the calculated factor of safety is greater than a prescribed minimum value 
learned from experience with a particular design, then the design is considered 
satisfactory.  But safety factors do not absolutely guarantee safety or 
satisfactory performance.  
Also, they do not provide any information on how different parameters of the 
system influence safety.   
In practice both the capacity and demand functions are random variables, the 
values of which are scattered about their respective expected (or mean) 
values.  Their randomness is characterised by their means PD and PC, standard 
deviations VD and VC, and corresponding probability functions as shown in 
Figure 3.2 . 
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This results in an overlap in the distributed values of capacity and demand that 
might lead to the failure of the system.  Therefore, the safety factor defined as 
the ratio C/D is itself a random variable. 
 
Figure 3.2  Fundamentals of risk evaluation (from Haldar et al., 2000) 
3.1.1.2 The central factor of safety (CFS) 
This represents a probabilistic version of the safety factor expressed as: 
D
C
DE
CECFS P
P  ][
][
 
(3.2) 
where E[ ] indicates the expected value.  
Common practice would assign a nominal value of capacity less than that of 
its expected value and a nominal value of demand greater than that of its 
expected value: 
CCCN hC VP  
 
(3.3) 
DDDN hD VP  
 
(3.4) 
where, ݄஼  and݄஽ are ݄ sigma units (the number of standard deviations ߪ) of 
their respective functions. 
Therefore, equation (3.1) can be re-written as: 
CFS
h
hFS
DDD
CCC 
 VP
VP
 
(3.5) 
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3.1.1.3 The safety margin S 
As shown in Figure 3.2, if the demand is greater than the capacity the 
distributions will overlap and there will be a probability of failure.  A common 
way of assessing this probability is to use the safety margin S (a random 
variable itself) expressed as: 
DCS  
 
(3.6) 
Since the hatched area in is the probability of failure, this can be expressed 
as: 
p(f) = P(failure) = P [(C ± D)  0] = P[S  0] (3.7) 
3.1.1.4 The reliability index ǃ 
The reliability index E is defined as the number of h sigma units between the 
mean value of the safety margin E[S] and S = 0, which is: 
][][2][][][
][][
][
][
22 DCDCS
DECE
S
SE DC
VUVVV
PP
VVE 
   
 
(3.8) 
where U is the coefficient of correlation between C and D.  If C and D are not 
correlated, U and eq. (3.8) becomes: 
][][][
][][
][
][
22 DCS
DECE
S
SE DC
VV
PP
VVE 
   
 
(3.9) 
If the capacity and demand functions are independent and normally 
distributed, it can be demonstrated that the safety margin will also be a normal 
variate.  The probability of failure can be expressed as: 
)(1)][(1)( EV
PP ) ) 
S
fp DC
 
(3.10) 
where )is the cumulative distribution function of the standard normal variate. 
3.1.2 Reliability analysis 
The demand-capacity inference model described in the previous section 
shows that if both demand (i.e., stress) and capacity (i.e., strength) are 
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independent random variables (i.e., U = 0) with normal distributions, then there 
is a simple analytical solution to the failure probability.  When the stress and 
capacity probability distributions are not normal, a solution to the failure 
probability is not easily obtainable and requires the application of 
transformation techniques.  Also, when the strength itself is a function of other 
random variables it is more appropriate to use their distribution rather than 
assuming a specific distribution for the strength (Zhang et al., 2006).   
The first step in evaluating the reliability or probability of failure of a structure 
is to decide on specific performance criteria and the relevant stress and 
strength parameters, called the basic variables Xi, and the functional 
relationships among them corresponding to each performance criterion 
(Haldar et al., 2000).  The performance function can be described as: 
G = g (X1, X2«;n) (3.11) 
The failure surface or the limit state of interest can be defined as G = 0.  
Conceptually, the generalised function defines a (critical) hypersurface in n-
dimensional space wherein G > 0 is the safe state and G < 0 is the failure state 
(see Figure 3.3 for the case of two random variables).  The probability of 
failure, p(f), is mathematically given by the n-dimensional probability integral: 
³³

 d 
0()
2121 ...),...,,(...]0[)(
g
nnX dxdxdxxxxfGPfp
 
(3.12) 
in which fX (x1 , x2 «[n) is the joint probability density function for the basic 
random variables X1 , X2 «;n and the integration is performed over the 
failure region, that is g() < 0.   
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Figure 3.3  Hasofer-Lind reliability index for linear limit state function 
(adapted from Haldar et al., 2000) 
The minimum distance from the critical hypersurface (in reduced coordinate 
space) to the origin is taken as the measure of the reliability index.  The test of 
adequacy for the reliability index concepts generally rests on comparing 
computed reliability indexes E with recommended values or simply to assume 
E to be a normal variate (eq. 3.10).   
The computation of the n-dimensional probability integral in eq. (3.12) is 
difficult.  Various approximation techniques are available to help determine the 
probability distribution given a function (linear or nonlinear) of a number or 
random variables.  The methodologies can be grouped into three categories: 
x Simulation Techniques (i.e., the Monte Carlo simulation technique) 
x First-Order Reliability Methods (FORM)  
x Point Estimate Method (PEM)  
The following sections aim to summarise the main features of these methods.  
A summary of the advantages and disadvantages of each technique is 
depicted in Table 3.1. 
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Table 3.1  Comparison between reliability analysis techniques 
 Basic Concept Advantages Disadvantages 
Monte 
Carlo 
Simulation 
Technique 
In the Monte Carlo simulation technique, 
values of the random variables are 
generated in a fashion consistent with their 
probability distribution, and the performance 
function is calculated for each generated 
set. The process is repeated numerous 
times, typically thousands, and the 
expected value, standard deviation, and 
probability distribution of the performance 
function are taken to match that of the 
calculated values.  
- Applicable to wide 
range of problems 
- The probability 
distribution functions of 
all components variables 
are obtained 
 
- Computationally 
intensive  
- Cannot be easily 
implemented in 
mathematical 
programming 
FORM  Analytical method based on linear 
approximation of a nonlinear limit state at 
the design point. 
- Accurate even for 
extremely small 
probabilities 
- Lack of accuracy for 
highly nonlinear limit 
state functions 
- Requires the 
computation of 
derivatives 
- Difficulties involved in 
searching the design 
point by iteration using 
the derivatives of the 
performance function 
PEM The moments of the performance function 
are determined by evaluating it at a set of 
combinations of high and low parameter 
values, with the results weighted by factors.  
- The method, in 
general, does not 
require knowledge of the 
probability distributions 
of the basic random 
variables involved in the 
limit state function but 
their statistical moments. 
- Approximate solution 
in multivariate 
problems 
- It is limited by the 
need to make 2n 
evaluations when 
there are n random 
variables 
3.1.2.1 Simulation Techniques 
A simulation technique, such as the Monte Carlo analysis, uses computers to 
study the uncertainty and is probably the most popular method to estimate the 
probability of failure.  The simulation basically consists of the five elements: (1) 
selection of a range and distribution for each input variable; (2) generation of 
a sample from the input variables (i.e., N random numbers for each of the 
random variables will give N sets of random numbers, each set representing a 
realisation of the problem); (3) evaluate the problem deterministically for each 
set of realisations of all the random variables; (4) extract probabilistic 
information from N such realisations; and (5) perform sensitivity analysis to 
determine the accuracy and efficiency of the simulation.  The accuracy of the 
analysis will increase as the number of simulations N increases.  The 
probability of failure is given by: 
  > @ 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Where I(g(X)0) is an indicator function that is equal to 1 if g(X)0 or 0 
otherwise.  Finally, the simulation is repeated several times to determine the 
variability of the estimate.  
This technique can also be used for reliability analysis of structures with implicit 
performance functions, as long as an algorithm is available to compute the 
structure response.  The Monte Carlo simulation is computationally intensive, 
requiring a large number of iterations (in the order of thousands) in order to 
obtain reliable results. 
3.1.2.2 First-Order Reliability Methods (FORM)  
FORM methods were historically derived from second-moment methods, 
which used information on first and second moments of the random variables 
(i.e., on mean and standard deviation).  These are First-Order Second Moment 
(FOSM) and Advanced First-Order Second Moment (AFOSM) methods.  In 
FOSM methods, the information on the distribution of random variables is 
ignored; in AFOSM methods, this information is appropriately used.  
The FOSM method can be used to evaluate the n-dimensional probability 
integral in eq. (3.12) when the limit state function is a linear function of 
uncorrelated (i.e., U = 0) normal variables or when the nonlinear state function 
is represented by a first-order (linear) approximation (i.e., Taylor series) with 
equivalent normal variables.   
The FOSM method is also referred as Mean Value First-Order Second-
Moment (MVFOSM) method in the literature.  The MVFOSM method is based 
on a first-order Taylor series approximation of the performance function 
linearised at the mean values of the random variables, and uses only second-
moment statistics (means and covariances) of the random variables.  The first 
author to develop this method was Cornell in 1969. 
It can be demonstrated (Harr, 1987) that for N uncorrelated variables, F(x1, x2, 
«[N), retaining only linear terms in Taylor series, the expected value and 
variance of the function F are: 
),...,,(][ 21 NxxxFFE  
 
(3.14) 
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(3.15) 
Where ][ ii xEx   and all derivatives are evaluated at the expected values of all 
the variables contained within their expressions.  The safety index can then be 
calculated by taking the ratio of the mean and standard deviation of F as in eq. 
(3.9). 
One of the problems of the FOSM method is that the safety index defined by 
eq. (3.9) fails to be constant under different but mechanically equivalent 
formulations of the same performance function (e.g., Capacity / Demand = 1 
or Capacity - Demand = 0).  This problem was solved by Hasofer and Lind 
(1974) for normal variables with the so-called Advanced First-Order Second 
Moment (AFOSM), see Figure 3.3.  The Hasofer-Lind reliability index EHL is 
defined as the minimum distance from the origin of the reduced coordinate 
system to the design point on the limit state function.   
The reduced variables are defined as: 
i
i
X
Xi
i
X
X V
P '    L «Q (3.16) 
where 'iX  is a random variable with zero mean and unity standard deviation.  
7KH ; FRRUGLQDWH V\VWHP LV WKH RULJLQDO FRRUGLQDWH V\VWHP ZKLOH WKH ;¶
coordinate system is the reduced coordinate system.  Note that if Xi is normal, 
'
iX  is standard normal.  For a simple two-dimensional linear limit state function 
[G(X) = X1 ± X2] with normal basic random variables (X1, X2), the Hasofer-Lind 
reliability index EHL is determined by an iterative process and it is defined as: 
   '*'*
0
*min xx t
g
HL
 
 E
  
for uncorrelated variables (3.17) 
  > @  '*1'*
0
*min xRx t
g
HL

 
 E
 
for correlated variables (3.18) 
ZKHUH [¶ LV WKH YHFWRU RI WKH UDQGRP variable values at the design point 
reduced to standard normal space and [R] is the correlation matrix of the 
variables.  An explanation of the method is given below. Consider the linear 
limit state equation in two variables, see Figure 3.3: 
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021   XXG
 
 (3.19) 
A set of reduced variables is introduced as: 
1
11'
1
X
XXX V
P 
 
(3.20) 
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X
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(3.21) 
By substituting these into eq. (3.19), the limit state equation in the reduced 
coordinate system becomes: 
  0
2121
'
2
'
1   XXXX XXg PPVV
 
(3.22) 
The position of the limit state with respect to the origin in the reduced 
coordinate system represents a measure of reliability.  The coordinates of the 
intercepts of eq. (3.22) on the '1X  and '2X  axes are ¸¸¹
·
¨¨©
§  0,
1
21
X
XX
V
PP
 and 
¸¸¹
·
¨¨©
§ 
2
21
,0
X
XX
V
PP
 respectively.   
Recalling from analytic geometry that the shortest distance from the origin to 
a line, say ax+by+c=0 is c/(a2+b2)1/2 , we find that: 
22
21
21
XX
XX
HL VV
PPE

 
 
(3.23) 
This reliability index or safety index EHL is the same as defined in eq. (3.9) if 
both variables are normal, independent, and if the limit state is linear but 
obtained by geometric considerations.  For nonlinear limit states and for non-
normal variables algorithms were developed by Rackwitz and Fiessler (1978) 
and by Chen and Lind (1983) to compute the reliability index and the design 
point through an iteration-based process (Haldar et al., 2000).   
Figure 3.4 VKRZVWKDWWKHOLPLWVWDWHJ;¶ LVDQRQOLQHDUIXQFWLRQZLWKJ;¶!
representing the safe state and J;¶UHSUHVHQWLQJWKHIDLOXUHVWDWH$JDLQ
the Hasofer-Lind reliability index EHL is defined as the minimum distance from 
WKHRULJLQWRWKHGHVLJQSRLQW[¶RQWKHOLPLWVWDWHLQWKHUHGXFHGFRRUGLQDWHV
and can be expressed by eq. (3.17) and (3.18).  For nonlinear limit states, the 
computation of the minimum distance becomes an optimisation problem: 
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Minimise D '' * xx t  (3.24) 
6XEMHFWWRWKHFRQVWUDLQWJ[ J[¶= 0 
:KHUH[¶ UHSUHVHQWV WKHFRRUGLQDWHVRI WKHFKHFNLQJSRLQWRQWKHOLPLWVWDWH
equation in the reduced coordinates to be estimated.  
 
Figure 3.4  Hasofer-Lind reliability Index for nonlinear performance 
functions (from Haldar et al., 2000) 
The Hasofer-Lind reliability index can be used to calculate a first-order 
approximation of the failure probability as probability of failure is: ݌ሺ݂ሻ ൌ ܲሾܩሺܺሻ ൑  ?ሿ ൌ Ȱሺെߚு௅ሻ ൌ  ? െ Ȱሺߚு௅ሻ (3.25) 
From both Figure 3.3 and Figure 3.4 it can be seen that the nearer the design 
SRLQW[¶LVWRWKHRULJLQWKHODUJHULVWKHIDLOXUHSUREDELOLW\ 
The advantage of FORM is its accuracy even for extremely small probabilities 
and its ability to easily deal with complex nonlinear limit state functions without 
the need to take any derivatives.  This characteristic is very important in 
pavement engineering where the definition of the strength of a pavement often 
involves complex nonlinear forms of transfer functions.  The FORM method 
can be used even if the limit state function consists of correlated basic random 
variables.  The orthogonal transformation is commonly used to transform 
correlated into uncorrelated variables (Haldar et al., 2000).   
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The main drawbacks are the lack of accuracy for highly nonlinear limit state 
functions and the difficulty in its iteration-based process of searching for the 
design point.  
Although some of the FORM shortcomings are addressed by considering the 
Second-Order Reliability Method (SORM), which was first explored by Fiessler 
et al. in 1979, the First-Order Third-Moment (FOTM) method, and genetic 
algorithms, inherited problems with nonlinear iteration algorithms in search for 
the design point which are still difficult to overcome (Zhao and Ono 2001).   
3.1.2.3 Point Estimate Method (PEM)  
The point estimate method approach, developed by Rosenblueth in 1975 and 
summarised by Harr (1987), does not use the Taylor series but instead uses 
measured values of the independent variables at different points to estimate 
the random dependent variable.  The method is capable of estimating a 
statistical moment of any order of a model output involving several stochastic 
variables that are correlated or uncorrelated, symmetric, or asymmetric.  
However, in multivariate problems with more than two stochastic variables 
involved, the Rosenblueth method is not able to provide a unique solution, 
rather an approximate solution to indeterminate problems. This is attributed to 
the fact that the number of unknowns to be solved is larger than the number of 
governing equations provided. 
Zhao and Ono (2000, 2001) investigated the method of moments (MM) for 
structural reliability.  The main advantages of this method ± over for example 
Monte Carlo simulation - are the computational simplicity, that it has no 
shortcomings with respect to the design points, requires neither iteration nor 
the computation of derivatives, and has a satisfactory level of accuracy even 
for highly nonlinear limit state functions.  The method of moments consists 1) 
in the estimation of the moments of the limit state functions using the point 
estimates obtained in standard normal space and 2) after the moments of the 
limit state functions are obtained, the calculation of the reliability index and the 
failure probability using the existing standardised functions.  With the Method 
of Moments the reliability can be expressed as a closed-form function of many 
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basic random variables defining structural characteristics of a pavement and 
traffic utilisation.  
For a performance function of many variables G(X), assuming that G(X) obeys 
normal distribution and X=x1, x2«[n are n variables, the method of moments 
can be summarised as the following four steps: 
1. Determine the constant GP and the function Gi of only one variable ui 
using equations (3.26) to (3.30) 
 PP GG  
 
(3.26) 
 > @ii UTGG 1 
 
(3.27) 
Prepresents the vector in which all the random variables take their mean 
values, and Ui = [uP1, uP2«Xi, uPi+1«XPm]T where uPkN «QH[FHSWLLV
the kth value of uP, which is the vector in u-space corresponding to P.  GP is a 
constant and Gi is a function of only ui, for a specific G(X).  The number of 
estimating points used in the point estimates for functions of respective single 
random variables is m.  T-1 is the inverse Rosenblatt transformation.  The 
inverse Rosenblatt transformation is used to transform the point estimates 
from the standard normal space back to the probability space of the original 
random variables. 
Usually, five or seven points are used as estimating points.  For a five-point 
estimate in standard normal space, the estimating points and corresponding 
weights are: 
u0=0 P0=8/15 (3.28) 
u1+= -u1-=1.3556262 P1=0.2220759 
u2+= -u2-=2.8569700 P2=1.12574*10-2 
For a seven-point estimate in standard normal space, the estimating points 
and corresponding weights are: 
u0=0 P0=16/35 (3.29) 
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u1+= -u1-=1.1544054 P1=0.2401233 
u2+= -u2-=2.3667594 P2=3.07571*10-2 
u3+= -u3-=3.7504397 P3=5.48269*10-4 
The inverse Rosenblatt transformation is expressed as: 
T-1(ui)=F-1[)(ui)] (3.30) 
where F=cumulative distribution function of Gi; and ) = standard normal 
probability.   
Low and Tang (2007) have tabulated the Rosenblatt transformation for some 
common probability distribution functions; see Figure 3.5. 
 
Figure 3.5  Obtaining T-1(ui) (x in the table) from ui (n in the table), 
based on F(ui)=)(ui) (F(x)=)(n) in the table) (Low and Tang 2007)
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2. Compute the first four moments of Gi using equations (3.31) to (3.33), 
with the estimating points and corresponding weights listed in equations 
(3.28) and(3.29). 
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(3.33) 
where 
iGP  , 2iGV  , and  rGrG iiVD  are the mean value, standard deviation and the 
rth dimensionless central moment of Gi respectively; T-1 is the inverse 
Rosenblatt transformation; and u1 «Xm are the estimating points with P1, 
«3m the corresponding weights, see previous step. 
3. Compute the first four moments of the performance function using 
equations (3.34) to (3.38). 
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(3.38) 
where G* represents the approximation of the limit state function G(X), PG* , 
VG*, D3G*, and D4G* are the first dimensionless central moment (mean value), 
the second dimensionless central moment (standard deviation), the third 
dimensionless central moment (skewness) and the fourth dimensionless 
central moment (kurtosis) of Gi respectively. 
4. Compute the 2M, 3M, and 4M reliability indices using equations (3.39) to 
(3.41). 
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(3.41) 
where E2M, E3M, and E4M are the second-, third- and fourth-moment reliability 
indices respectively and Pf2M, Pf3M and Pf4M the associated failure probabilities. 
3.1.2.4 Distribution of residuals 
This method has been used in the American Mechanistic-Empirical Pavement 
Design Guide which is beginning to replace the 1993 version of the AASHTO 
guide (see 3.4.2.1).  Instead of using simulation methods and other closed 
form analytical methods, too complex and requiring sophisticated computer 
programs, the reliability process in this guide is based on the ability of the 
performance models to predict actual distresses of the sites used for 
calibration.  The transfer functions were calibrated utilising data from the Long-
Term Pavement Performance (LTPP) and other field pavement studies.  The 
general concept for reliability uses the standard deviation of the prediction 
model to determine the appropriate reliability level.  Although practical, this 
method does not allow to evaluate change in performance due to differences 
in variability of individual factors.   
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3.1.3 System reliability for multiple 
performance criteria 
So far reliability has been estimated for a single performance criterion or limit 
state with one of the methods discussed in the previous section.  In general, 
any engineering system has to satisfy more than one performance criterion.  
The concept used to determine the overall reliability of a system composed of 
many components is known as system reliability evaluation.  A complete 
reliability analysis includes both component-level and system-level estimates.   
For a system that has more than one performance criterion, system failure may 
occur when any of the criteria are violated.  This system is referred as a system 
in series and the system failure is defined by the union of each performance 
component failure.  Alternatively, a system may fail only when all the 
components fail and this is known as a parallel system.  System failure in this 
case is defined by the intersection of the individual component failure events.  
The two models represent extremes.  In reality, engineering systems have a 
combination of components, with some in series and others in parallel.  
Reliability bounds are available in the literature for the probability of failure of 
a system (Haldar et al., 2000). 
3.1.4 Reliability and the effect of time 
Failure is the inability of a system to perform its intended function over a 
specified period of time and under specified operating conditions.  A system 
could become less and less reliable with the passage of time due to fatigue, 
creep, increased traffic, material degradation, and changeable environmental 
conditions.  Methods for time-variant reliability analysis are still under 
development. 
3.2 The engineering problem 
As mentioned in the introduction, early failure in pavements occurs often in the 
UK.  Premature failure occurs when a pavement does not perform the intended 
function which it was designed for, whether it is in terms of reduced structural 
capacity, poor ride quality, reduced surface skid resistance or any other 
possible number of unforeseen circumstances.  Although failure is not a 
  
 
Literature review on reliability in pavement design Page 46  
 
catastrophic event for pavements, as the collapse of a building, it still requires 
attention as it degrades the overall pavement performance. 
The design of a flexible pavement is influenced by the amount and composition 
of the expected traffic, the sub-grade strength properties, the paving material 
properties and the environment in which the pavement is to perform.  The two 
major forms of distress in flexible pavements are surface rutting and asphalt 
layer cracking.  The general failure areas in a flexible pavement include tensile 
stress failure of asphalt pavement layers, shear failures of surface and base 
courses, and compressive failures of the sub-grade. 
The causes of failures, whether they are structural or surface, can be grouped 
into three main categories: 
x Construction-related problems, such as curing conditions during 
construction, construction under adverse weather conditions, 
inexperienced and/or inadequate testing and inspection in the field; 
x Materials-related problems, such as variability of material properties, errors 
from different testing results (i.e., laboratory tests and actual field 
performance); 
x Design-related problems, such as poor or insufficient site inspection or 
investigation prior to design, errors in traffic forecasts, and financial 
constraints. 
It is essential to identify the causes of failures to allow the simplest and most 
cost effective maintenance treatment to be implemented to solve the problem.   
While most pavements do not experience catastrophic failure, some do and 
sometimes this occurs at a random stage in their life.  These pavements 
generally represent the minority and tend to receive high amounts of 
maintenance funds until the pavement can be rehabilitated and/or 
reconstructed within a short period of time. 
For the safety and comfort of the travelling public but also for the government 
maintenance programmes it is essential to identify and assess the 
consequences of localised early pavement failures.  In other words the risk of 
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early failure needs to be assessed in order to decide the best engineering 
solution which will offset the ultimate pavement failure.   
3.3 Deterministic versus probabilistic 
design 
Most pavement engineers know that pavement materials, environment, 
loading and construction affect the performance of a pavement and the 
variability observed in each of these parameters introduces a certain level of 
risk.  The recognised need to account for these variabilities in the design 
process is pushing many highway authorities in the world to move from a 
traditional deterministic approach, based on a single input/output value, 
towards a probabilistic design, which includes a mean, variance and probability 
distribution.  The probabilistic approach offers a way of incorporating risk 
assessment considerations which are vital for whole-life cycle economic 
analysis and decisions.   
Briefly, the probabilistic approach assesses the uncertainty in the inputs and 
carries that uncertainty through the computation process to generate a 
probabilistic distribution of results (a range of possible outcomes along with 
their likelihood of occurrence), see Figure 3.6. 
 
Figure 3.6  Modern probabilistic design method 
For example, if Monte Carlo simulation techniques are used in the design 
process, random sampling within the distributions of the input parameters can 
be performed and from this a high number of estimates of performance can be 
produced.  Risk can then be assessed as the probability of premature failure.  
INPUT OUTPUT
% below threshold
% above threshold
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This information can be used to make a decision between different design 
alternatives. 
Some authors (Theyse, 2006) believe that although simulation techniques 
make the design process more realistic, the accuracy of the design process 
and the calculation of the design risk are not actually improved.  The accuracy 
of the structural capacity estimation and design risk calculation are governed 
by the validity and accuracy of the models used in the design method.  
Although this is a fair point, one should keep in mind that variability needs to 
be incorporated in the design but without producing an over conservative or 
too expensive design because of the evaluation of all parameters or extensive 
investigation into the validity of the design models.  The latter clearly involves 
an extensive use of resources and its economic benefits need to be assessed 
at policy level. 
3.4 Application of reliability analysis to 
pavement design 
This section aims to summarise the information available on the application of 
reliability concepts as experienced in the UK, United States, France and 
Australia.   
3.4.1 United Kingdom 
For many years the design of flexible pavements in the UK was based on the 
755//DERUDWRU\ 5HSRUW  ³7KH VWUXFWXUDO GHVLJQ RI ELWXPLQRXV URDGV´
(1984).  The report made use of the results of full-scale road experiments and 
used analytical techniques to rationalise and extend the data.   
Following the rapid increase in traffic volumes and compositions and the range 
of new materials available for both asphalt and foundation layers, a new 
versatile design approach was introduced in 2004 (TRL Report 615) and is 
currently included in the Highways Agency design standards (DMRB Vol 7).  
In both documents, the response model to determine the stress or strain at 
critical locations is represented by a multi-layered, linear elastic model.  These 
criteria have been calibrated using information on pavement performance.   
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In the current UK standards reliability is implicitly embraced in the response 
model such that a pavement has an 85% probability of achieving the design 
life.     
No material has been found on the subject of reliability or probabilistic 
pavement design in the UK.  
3.4.2 United States 
3.4.2.1 Design standards 
One of the most widely accepted design guides in the Unites States is that 
offered by the American Association of State Highway and Transportation 
Officials (AASHTO).  This guide, based on the results of the AASHO road test 
LQWKHODWH¶VDQGHDUO\¶VZDVILUVWSXEOLVKHGLQDQGUHYLVHGLQ
1972, 1981 and 1986.  Reliability concepts were formally introduced in the 
1986 version of the design guide, where reliability was expressed as the 
probability that the serviceability level at the end of the design period (p) is 
greater than the terminal serviceability level (pt): 
5 3>SSt] (3.42) 
Another version was published in 1993, where reliability was defined in terms 
of the number of equivalent single axle loads to terminal serviceability (n) being 
less than the number of equivalent single axle loads actually applied (N): 
R = P [N>n] (3.43) 
The 1993 model for flexible pavements is based on design variables such as: 
layer thickness, roadbed modulus (Mr), drainage and climate conditions, and 
pavement functional factors (terminal PSI).  The empirical design equations in 
WKH  $$6+72 JXLGH FRQWDLQ D ³VDIHW\ IDFWRU´ =rS0, where Zr is the 
standard normal deviate and S0 the standard error) to account for the 
uncertainty in the design process.  One drawback of the 1993 reliability model 
is that the reliability analysis basically used a large multiplier on the traffic input 
resulting in quite conservative design.   
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In general, the equations and procedures used in the 1972, 1986 and 1993 
AASHTO Guides were empirical in nature, developed using statistical 
regression models, performance measurements, or observations rather than 
using fundamental material properties and constitutive mathematical 
relationships.  The significant changes in traffic volumes and truck 
configurations, materials, new mix design and construction procedures, 
climatic conditions coupled with the relatively poor performance of the existing 
roadways led to the need of improving the pavement design process.  This 
was the main goal of the National Cooperative Highway Research Program 
(NCHRP) initiated project 1-37A to develop a new pavement design guide for 
new and rehabilitated pavements based on a mechanistic empirical (M-E) 
approach.  A mechanistic-empirical design is characterised by an empirical 
relationship that links the mechanistic response of the pavement (i.e., from 
linear elastic theory) to an observed distress.  In the current 2008 pavement 
guide reliability is defined as the probability that each of the key distress types 
and smoothness will be less than a selected critical level over the design 
period: 
R = P [Distress over Design Period < Critical Distress Level]  (3.44) 
R = P [International Roughness Index (IRI) over Design Period 
< Critical IRI Level] 
 (3.45) 
In the mechanistic-empirical pavement design guide (MEPDG) reliability 
analysis of distress types is based on analysis of the predicted versus 
measured values and estimation of parameters of the corresponding error 
distribution (assumed normal). 
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Figure 3.7  Design Reliability Concept for Smoothness (IRI) (from 2008 
MEPDG) 
In the MEPDG, the design inputs (expressed in terms of mean values) are 
processed through the mechanistic model (i.e., to evaluate stresses, strains 
and deflections) and then transfer functions are applied to predict distress.  
These predicted distress levels represent mean values (50% reliability level), 
which means that there is a 50% possibility that the predicted distress will be 
higher or lower than this value (see solid line in Figure 3.7).  A reliability factor 
is then applied to this mean value based on the accuracy of the prediction 
model.  In other words, for nearly all projects, the designer will require a 
reliability higher than 50 percent that the design will meet the performance 
criteria over the design life (see dashed line in Figure 3.7).  Primary transfer 
functions in current M-E design procedures for flexible pavements are those 
that relate maximum wheel load tensile strain at the bottom of the asphalt layer 
to eventual fatigue cracking and wheel load compressive strain (or stress) at 
the top of the subgrade layer to rutting at the surface.  The design process is 
an iterative procedure that starts with a trial design and ends with predicted 
distress levels that meet the acceptable limits based on the desired level of 
reliability. 
Common to the 1993 and 2008 design guides is the concept that the more 
important the project is (and the consequences of failure), the higher the 
reliability.  For example, a 90% reliability would be the norm for major roads.   
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Some issues have already been identified with regard to the way reliability of 
a pavement design is estimated using the MEPDG.  One of these is that the 
variability of the predicted performance is not necessarily normally distributed 
(Graves et al., 2007).  Further work may be necessary to develop alternative 
methods to address reliability, such as substituting the assumption of normality 
with the actual distribution of error/residuals.  Furthermore, the implemented 
approach does not account for the effect of design input variability on the 
design variability, which could be achieved by the Monte Carlo simulation 
technique (Darter et al., 2005). 
3.4.2.2 Reliability research results to date 
The main sources of information have been obtained by the following 
institutions/journals: 
x Transportation Research Board  
x Transportation Engineering Journal of ASCE 
x Association of Asphalt Pavement Technologists 
x Canadian Journal of Civil Engineering 
The literature review has found that the two most popular methods employed 
in the reliability analysis are FORM and the Monte Carlo simulation technique. 
The early concepts for reliability inclusion in pavement design have been 
summarised by Hudson (1975).  Prior to 1965, variation or uncertainty was 
considered in design by the use of safety factors based on experience.  
However, the use of safety factors, besides resulting in sometimes 
uneconomical designs, has also resulted in few failures because of little 
consideration being given to the uncertainty of design factors.  Later, Lemer 
and Moavenzadeh (1971) developed one of the first models dealing with 
reliability of pavements.  Lemer attempted to apply the Monte Carlo simulation 
technique - where the input variables were described by appropriate probability 
distributions - to a complex pavement design method for the Federal Highway 
Administration (FHWA).  However, the computer time associated with the 
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Monte Carlo simulation technique proved to be excessive and impractical for 
practical situations.   
The reliability model developed by Darter and Hudson (1973) considers two 
major factors associated with the failure of a pavement: the allowable load 
applications, N, and the applied load applications, n.  Reliability was defined 
as the probability that N will exceed n, see eq. (3.43).  The variables n and N 
were believed to be approximately log normally distributed and the condition 
of the pavement was described by the failure function D = log N ± log n.  The 
pavement was considered to have failed to perform its function when n 
exceeds N, or D < 0.  Darter and Hudson used the method called Mean Value 
First Order Second Moment (MVFOSM) to obtain mean and standard 
deviation of D.  In general, this method (Cornel, 1969; Ditlevesen, 1971) aims 
at obtaining the mean, Pz , and standard deviation, Vz , of the performance 
function Z = f (X1 , X2 «;n).  The safety index, E = Pz / Vz, is a measure of 
the reliability system.   
Later work in probabilistic design adopted a similar approach in the 
formulation, differing only in the procedure used for determining the mean and 
standard deviation of N (Moavenzadeh and Brademeyer, 1977; Riggins et al., 
1985; George and Husain, 1986; and Irik at al., 1987).  Advanced reliability 
methods were developed by Hasofer and Lind (1974), who solved the problem 
of lack of invariance of the MVFOSM method with respect to the formulation of 
the failure function, first explained by Ditlevsen (1981).  The failure surface is 
approximated to a tangent hyperplane at the design point, which corresponds 
to the point on the failure surface closest to the origin in a normalised variable 
space.  Chua et al. (1992) applied a reliability-based method to a pavement 
system that included two distress modes, fatigue cracking and rutting.  The 
model accounts for the variations in the input parameters and predicts the 
probability of failure for each distress mode and for the system.  The analysis 
considered three reliability models: FORM, which approximates the failure 
surface to a plane at the design point, SORM, which approximates the failure 
to a quadratic surface, and the Monte Carlo simulation technique for 
comparison of results from the previous two methods.  The research concluded 
that the failure surface was not highly nonlinear and that the approximation by 
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a plane (FORM) was acceptable for design applications.  Retherford and 
McDonald (2010) also found that the FORM method is well suited for pavement 
design regarding fatigue cracking and subgrade rutting, with errors (calculated 
by the root sum of squares method) less than 1% when compared to the Monte 
Carlo simulation method.  However, the FORM method is computationally 
intensive when the number of variables increases.  The FOSM and the 
Rosenblueth methods were found to be the simplest processes to implement 
(i.e., they provided the cheapest computational effort) but were the least 
accurate.  Other recent applications of FORM can be found in Kim (2006), Liu 
et al. (2005), Tighe et al. (2001), Killingsworth and Zollinger (1995). 
In recent years, Zhao and Ono (2001) developed a new point estimate 
approach called the method of moments (MM) (see 3.1.2.2), where the first 
four moments of the limit state function are used to evaluate the 
multidimensional failure probability integral.  The moment method, being very 
simple, has no shortcomings with respect to design points, and requires 
neither iteration nor the computation of derivatives, and thus is convenient to 
EHDSSOLHGWRVWUXFWXUDO UHOLDELOLW\DQDO\VLV =KDQJDQG'DPQMDQRYLü 
showed an application of this method on the 1993 AASHTO pavement design 
equation.  The method of moments is based on two sequential steps.  First, 
the moments of the limit state function are estimated using the Monte Carlo 
simulation technique, using the Taylor expansion as applied in FORM or using 
point estimates.  Second, after the moments of the limit state function are 
obtained, the reliability index and the failure probability are estimated using 
some existing standardised functions.  The result from the comparison of three 
different methods of moments (2M, 3M and 4M) with Monte Carlo simulations 
indicated that the 4M method gives the most accurate predictions of failure 
probability.  In general, the quality of estimation improves as the order of 
moments increases.  When comparing the second moment reliability estimates 
to those obtained by Monte Carlo simulations errors were found to be less than 
1%, see Figure 3.8. 
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Figure 3.8  Comparison of failure probabilities using methods of 
moments and MCS (from ZKDQJDQG'DPQMDQRYLü 
In the last few years, especially with the recognised limitations of the 2002 
pavement design guide, the use of the Monte Carlo simulation technique to 
evaluate the variation in predicted performance based on the variability of a 
set of input parameters for a specified pavement design section is 
recommended by many authors (Graves and Mahboub, 2007; Darter et al. 
2005; Zhang and Piepmeyer, 2005; Timm et al., 2000). 
3.4.3 France 
Before the French Technical Guide was introduced, the design of pavement 
structures was specified in catalogues of standard structures in which the 
pavement thickness was fixed according to the traffic category and subgrade 
strength.  Because of the changes in material performance and investment 
strategies, the catalogues were substituted by a more flexible pavement 
design method.   
The French method adopts a probabilistic approach to the design by 
recognising all sources of uncertainty and, therefore, allowing the risk of 
pavement deterioration to be assessed.  The concept of design risk is 
introduced as equivalent to the probability of failure.  The success (therefore 
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reliability) of a design is such that the probability of structural deterioration over 
the initial design period is less than a determined value.   
The two major factors considered responsible for the variability of the 
pavement performance are the dispersions (standard deviations) in fatigue test 
results and layer thicknesses in construction.  Both the layer thickness and 
fatigue test results are considered normally distributed.  Relationships that 
relate working stresses or strains to design risk have been implicitly developed.  
3.4.4 Australia 
In Australia (Austroads 2004) the use of desired project reliability is introduced 
similarly to the AASHTO guidance.  Project reliability is chosen by the 
designer.  Reliability factors, which are similar to a multiplier for the calculated 
design traffic, are introduced to the performance models, based on the desired 
project reliability.   
Reliability concepts are then explored by Youdale et el. (2003) to assess the 
risk associated with various uncertainties (uncertainty in traffic loading 
estimation, variations in in-situ material properties, variations in pavement 
layer thicknesses, and accuracy of the design method for various pavement 
types) in the whole-life cost estimation.   
The reliability factors, similar to those contemplated in the 1993 version of the 
AASHTO guidance, may however be seen as resulting in conservative 
designs.  
3.5 Discussion 
The review of the literature available in the UK, US, France and Australia, has 
shown that design reliability is becoming increasingly important for 
consideration in pavement design procedures and whole-life cost analysis.  
Modern design methods are moving towards a probabilistic approach to design 
because it is better suited to treat the variety of uncertainty, namely that related 
to the prediction of traffic loading and prediction of pavement performance.  
The variability observed in pavement performance is primarily derived from 
variability in pavement materials, layer thicknesses, climatic effects, and the 
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distribution of pavement distress along the length of the pavement may vary 
as a result.  
Regardless of the various design procedure types around the world, inherent 
variability associated with the design input parameters will produce variable 
pavement performance predictions.  Consequently, for a complete design 
procedure, the input variability must be addressed.  To account for input 
variability, different techniques are available and probably the Monte Carlo 
simulation technique is the simplest, albeit time consuming and costly, to be 
implemented in computer programming.   
The US experience has shown a structural reliability approach to pavement 
design where mainly the Monte Carlo simulation technique and complicated 
tools such as FORM and SORM are used for the analysis.  It is apparent that 
the latter techniques, which involve very complex mathematical relationships, 
outside the academic or research environment are not easily accessible by the 
pavement community.  As for the Mechanistic-Empirical Pavement Design 
Guide, the reliability is related to the distribution of residuals (error) between 
measured and predicted distress values.  The error is assumed to have a 
normal distribution and this has already been identified by many authors as an 
area for further improvement. 
The French approach to probabilistic design, although relatively simple, only 
considers two sources of variability (fatigue results and thickness) and 
assumes normal distribution for them.  This assumption, however, may result 
in misleading pavement performance predictions because the variables could 
have probability distributions different from normal.    
The Australian reliability factors, similar to those contemplated in the 1993 
version of the AASHTO guidance, may be seen as resulting in conservative 
designs (i.e., thicker pavements).   
The UK design standards generally assume an implicit 85% probability of 
design life survival.  One of the limitations of this approach is that it does not 
allow the designer to choose different design reliability levels, such as for low 
volume roads or, on the other extreme, for very important highways involving 
millions of pounds.   
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The common aspect to all of the approaches assessed so far can be 
summarised in the development of a reliability model to account for much of 
the uncertainty in determining design inputs and predicting pavement 
performance.  The development of probabilistic methods and their use of 
distributional information about the random variables - as acknowledged by 
Retherford and McDonald (2010) - for reliability analysis would benefit the 
highway community, for example: 
x They would provide a basis for quantifying the benefits of quality control 
and quality assurance and provide a robust basis for computation of pay 
factors to be awarded to contractors for meeting certain quality control 
standards. 
x They would enable the design engineer to account for uncertainty in the 
design parameters and to design pavement accordingly. 
The objective of this research study is to develop a methodology to address 
the above problem and to validate it with the incorporation of data from 
selected UK projects.  The main aspiration is to contribute to the development 
of a robust but accessible reliability model which could be used to assess the 
probability of failure of a pavement.   
To overcome the limitations and difficulties of current approaches to the 
reliability of flexible pavement design, as discussed in this chapter and in this 
final section, this research study aims to complete the following tasks on a set 
of existing UK road schemes: 
x To assess the variability of the major input design variables (layer 
thickness, asphalt stiffness and subgrade stiffness) in terms of mean, 
variance and probability distribution.  
x To identify and use simple performance equations that relate the expected 
fatigue (Nf) and deformation life (Nd) of a pavement to the major input 
variables named above.  The purpose is to use these simplified 
relationships to conduct a sensitivity analysis of the input variables on the 
expected performance life.  The analysis will assume that all causes of 
uncertainty are independent and not variable with time; interdependence 
between variables will not be considered.  Although the limits of simplified 
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equations are recognised (i.e., less accurate), for the purpose of this 
scheme±level research the benefits will be in improved understanding of 
the effects of the input variability in the output performance.  If simple but 
reasonable relationships are used, some analytical approximations (i.e., 
Taylor series, see eq. (3.13) and (3.14)) could be employed to quickly 
assess the reliability of the pavement (in terms of mean and standard 
deviation) when expected values and coefficients of variation of the input 
variables are known. 
x Related to the above point (i.e., to validate the results of the analytical 
calculations) is the run of a satisfactory number of different scenarios (i.e., 
based on the Monte Carlo simulation technique), taken by random 
sampling of the input variables, and to evaluate the resulting distribution of 
probability of failure.     
The proposed research activities are briefly summarised in Figure 3.9. 
 
Figure 3.9  Proposed research activities 
If the methodology is revealed to be sound, the implications in terms of 
improved grasp of design risk could be significant and could offer an attractive 
Characterise variations in major design input parameters
(layer thickness (h), subgrade stiffness (k) and asphalt stiffness (E)
Model the design life as a function of input parameters:
Fatigue life Nf = f (h, k, E)
Deformation life Nd = f (h, k, E) 
Simulate number of scenarios (variability of input parameters) and 
apply equations to obtain probability distributions for design life
Nf (or Nd)Pr
ob
ab
ilit
y
  
 
Literature review on reliability in pavement design Page 60  
 
tool for designers and contractors to economically evaluate this risk.  Given 
that some variability is expected with the major input design parameters (i.e., 
their values are not fixed), it is possible that these variations can greatly 
decrease the expected performance of the pavement structure being 
designed.  Therefore, understanding and assessing the risk of the pavement 
performance throughout its design life is of paramount importance for both 
design and maintenance aspects. 
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4 Methodology 
This chapter provides information on the type of surveys used for the analysis, 
the type of sites, the standards used in the analysis, and the approaches used 
in the research.  Specialist software packages have been used, namely: 
x Matlab (R2010a, MathWorks, Cambridge, UK) for Power Spectrum 
analysis and Monte Carlo simulation; 
x DataFit (Version 9, Oakdale Engineering, Oakdale, USA) for fitting best 
model to data; 
x BISAR (Version 3.0, Shell, UK) for calculation of stresses and strains in the 
pavement structure; 
x MODULUS-HA (Version 5.1, Highways Agency, UK) for Falling Weight 
Deflectometer back-analysis. 
4.1 Data collection techniques  
The sites used in the research are eight in total and are mainly motorways with 
two further sites being a thin pavement construction (M07 and M08).  All sites 
have a fully flexible pavement construction.  The sites cannot be named so a 
road numbering system has been employed to protect identity (i.e., M01, M02 
etc).   
The following survey test results have been collected: 
x Ground Penetrating Radar (GPR) for thickness information of the 
pavement and foundation layers; 
x Cores to support the GPR thickness information and for description of 
material types and condition of the pavement layers; 
x Falling Weight Deflectometer (FWD) for assessment of the structural 
capacity of the pavement and foundation layers (including the subgrade); 
x Dynamic Cone Penetrometer (DCP) for thickness and material information 
(for example CBR value) on foundation layers and subgrade; 
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x Laboratory tests (i.e., Indirect Tensile Stiffness Modulus) to support the 
structural assessment of the pavement layers; and 
x Traffic information in terms of Average Annual Daily Traffic (AADT) and 
percentage of Heavy Good Vehicles (HGVs). 
The survey data generally refer to lane 1, the most heavily trafficked lane.  The 
length of each site varies but, wherever possible, a length of 1km has been 
used.   
A summary of the available survey data for all sites is presented in Table 4.1 
and Table 4.2.  Despite a full set of survey data not being available for all sites, 
the information is considered sufficient to conduct a statistical analysis, 
particularly for the GPR data available for all sites and for the FWD survey 
data. 
Table 4.1 shows that - except for motorway M01 - the original pavement 
construction for the various sites is not available.  Expect for the M01 and the 
two thin pavement sites (M07 and M08), the pavement of all other sites has 
received at least one overlay treatment in the past twenty years (deduced from 
cores).  
Table 4.1  Summary of site construction data 
 
The forecasted future traffic for a 20-year design period (2006 to 2026) is 
above 80msa (million standard axles) for the majority of the sites considered. 
 
Total Asphalt 
thickness (m)
Asphalt 
Material
Sub-base 
thickness (m)
Capping 
Thickness (m)
M02 Motorw ay Cons: 1962; Maint: 1991 Unknow n DBM100 Unknow n Unknow n 5
M03 Motorw ay Cons: 1966; Maint: 1995 Unknow n DBM100 Unknow n Unknow n 5
M04 Motorw ay Cons: 1986 Unknow n DBM100 Unknow n Unknow n 3
M05 Motorw ay Unknow n (~1960) Unknow n HRA Unknow n Unknow n 2.5
M06 Motorw ay Cons: 1986 Unknow n DBM125 Unknow n Unknow n 2.5
M07 Single c/w ay Unknow n Unknow n DBM100 N/A N/A N/A
M08 Single c/w ay Cons: 1986 Unknow n DBM100 N/A N/A N/A
0.350 to 0.600 30.260 HMB15 0.150M01 Motorw ay Cons: 2000
Design Asphalt material 
layers
Design Granular foundation 
layers
Probable 
Design 
CBR
Site ID Road type Year of 
construction/last 
major maintenance
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Table 4.2  Summary of available site data for each sub-section 
 
Comments
GPR FWD
44700 (10) 15.3 74 1000 35/0 to 36/0 L1 - Sec A 9 9 N/A 9 N/A 2 0 Granular sub-base
36700 (13) 16.2 78.2 1000 36/0 to 37/0 L1 - Sec B 9 9 9 9 9 16 11 Granular sub-base
36700 (13) 16.2 78.2 1000 37/0 to 38/0 L1 - Sec C 9 9 N/A N/A N/A 0 0 Piled raft section / CBM sub-base
36700 (13) 16.2 78.2 700 38/3 to 39/0 L1 - Sec D 9 N/A N/A 9 9 6 6 Piled raft section / CBM sub-base
38800 (16) 20.2 97.2 1000 39/0 to 40/0 L1 - Sec E 9 N/A 9 9 N/A 13 0 CBM sub-base
38800 (16) 20.2 97.2 1000 40/0 to 41/0 L1 - Sec F 9 N/A N/A 9 9 5 5 CBM sub-base
45950 (14) 20.8 100.1 1000 41/0 to 42/0 L1 - Sec G 9 N/A 9 9 N/A 2 0 CBM sub-base
45950 (14) 20.8 100.1 1000 42/0 to 43/0 L1 - Sec H 9 N/A 9 9 9 6 3 CBM sub-base
44700 (10) 15.3 74 1000 35/0 to 36/0 L1 - Sec A 9 N/A N/A N/A N/A 0 0 Granular sub-base
36700 (13) 16.2 78.2 1000 36/0 to 37/0 L1 - Sec B 9 N/A N/A 9 9 4 3 CBM sub-base
36700 (13) 16.2 78.2 1000 37/0 to 38/0 L1 - Sec C 9 N/A N/A N/A N/A 0 0 Piled raft section / CBM sub-base
36700 (13) 16.2 78.2 1000 38/0 to 39/0 L1 - Sec D 9 N/A N/A 9 9 7 8 Piled raft section / CBM sub-base
38800 (16) 20.2 97.2 1000 39/0 to 40/0 L1 - Sec E 9 N/A N/A N/A N/A 0 0 CBM sub-base
38800 (16) 20.2 97.2 1000 40/0 to 41/0 L1 - Sec F 9 N/A N/A 9 9 7 1 Granular sub-base
45950 (14) 20.8 100.1 1000 41/0 to 42/0 L1 - Sec G 9 N/A N/A N/A N/A 0 0 Granular sub-base
45950 (14) 20.8 100.1 1000 42/0 to 43/0 L1 - Sec H 9 N/A N/A 9 9 4 2 CBM sub-base
M02 2004 (on lane 1) 28688 (12%) Untraff icked 61.8 Northbound 1000 700 to 1700 Hardshoulder 1 10 9 N/A 9 9 9 3 3 FWD only on Lane 1; GPR on H/S only
M02 2004 (on lane 1) 36512 (12%) Untraff icked 61.8 Southbound 800 2400 to 3200 Hardshoulder 1 10 9 N/A 9 9 9 3 3 FWD only on Lane 1; GPR on H/S only
M03 2004 (on lane 1) 31500 (11%) Untraff icked 62.1 Southbound 1000 10 to 1010 Hardshoulder - Sec A 1 10 9 N/A 9 9 9 2 2 FWD only on Lane 1; GPR on H/S only
M03 2004 (on lane 1) 31500 (11%) Untraff icked 62.1 Southbound 1000 1010 to 2010 Hardshoulder - Sec B 1 10 9 N/A 9 9 9 2 2 FWD only on Lane 1; GPR on H/S only
M03 2004 (on lane 1) 31500 (11%) Untraff icked 62.1 Southbound 1000 2010 to 3010 Hardshoulder - Sec C 1 10 9 N/A 9 9 9 2 3 FWD only on Lane 1; GPR on H/S only
M03 2004 (on lane 1) 31500 (11%) Untraff icked 62.1 Southbound 1000 3010 to 4010 Hardshoulder - Sec D 1 10 9 N/A 9 9 9 2 3 FWD only on Lane 1; GPR on H/S only
M04 2003 88976 (11%) 83.7 148.9 Southbound 500 500 to 1000 L1 - Sec A 1 10 9 9 N/A 9 9 1 3 2 layers of gran material is show n on GPR profiles
M04 2003 88976 (11%) 83.7 148.9 Southbound 1000 1000 to 2000 L1 - Sec B 1 10 9 9 9 9 9 2 6 2 layers of gran material is show n on GPR profiles
M04 2003 88976 (11%) 83.7 148.9 Southbound 1000 2000 to 3000 L1 - Sec C 1 10 9 9 9 9 9 2 3 2 layers of gran material is show n on GPR profiles
M04 2003 88976 (11%) 83.7 148.9 Southbound 500 3000 to 3500 L1 - Sec D 1 10 9 9 N/A N/A N/A 0 0 2 layers of gran material is show n on GPR profiles
M05 2006 Past & future 
traff ic only 
67 107 Clockw ise 1000 10 to 1010 L1 - Sec A 10 1 9 9 9 9 9 2 8 Crushed rock sub-base 
M05 2006 P st & future 
traff ic only 
67 107 Clockw ise 1000 1010 to 2000 L1 - Sec B 10 1 9 9 9 9 9 1 2 Crushed rock sub-base 
M05 2006 P st & future 
traff ic only 
67 107 Clockw ise 500 2010 to 2500 L1 - Sec C 10 1 9 9 9 9 9 1 2 Crushed rock sub-base 
M05 2006 P st & future 
traff ic only 
67 107 Clockw ise 300 2710 to 3000 L1 - Sec D 10 1 9 9 N/A N/A N/A 0 0 Crushed rock sub-base 
M05 2006 P st & future 
traff ic only 
67 107 Clockw ise 1000 3010 to 4000 L1 - Sec E 10 1 9 9 9 9 9 1 2 Crushed rock sub-base 
M05 2006 P st & future 
traff ic only 
67 107 Clockw ise 1000 4010 to 5000 L1 - Sec F 10 1 9 9 N/A N/A N/A 0 0 Crushed rock sub-base 
M05 2006 P st & future 
traff ic only 
67 107 Anti-Clockw ise 1000 10 to 1010 L1 - Sec A 10 1 9 9 9 9 9 2 2 Crushed rock sub-base 
M05 2006 P st & future 
traff ic only 
67 107 Anti-Clockw ise 1000 1010 to 2000 L1 - Sec B 10 1 9 9 9 9 9 2 4 Crushed rock sub-base 
M05 2006 P st & future 
traff ic only 
67 107 Anti-Clockw ise 400 2010 to 2400 L1 - Sec C 10 1 9 9 N/A N/A N/A 0 0 Crushed rock sub-base 
M05 2006 P st & future 
traff ic only 
67 107 Anti-Clockw ise 400 2610 to 3000 L1 - Sec D 10 1 9 9 9 9 N/A 1 0 Crushed rock sub-base 
M05 2006 P st & future 
traff ic only 
67 107 Anti-Clockw ise 1000 3010 to 4000 L1 - Sec E 10 1 9 9 9 9 9 1 2 Crushed rock sub-base 
M05 2006 P st & future 
traff ic only 
67 107 Anti-Clockw ise 1000 4010 to 5000 L1 - Sec F 10 1 9 9 N/A N/A N/A 0 0 Crushed rock sub-base 
M06 2004 21700 (24%) 35.4 60.3 Southbound 500 29600 to 29100 L1 - LS2 1 10 9 9 9 9 9 2 2
M06 2004 21700 (24%) 8.1 13.7 Southbound 500 29600 to 29100 L2 - LS2 1 10 9 9 9 9 9 2 4
M06 2004 27900 (21%) 39.1 66.4 Northbound 600 37500 to 38100 L1 - MN7 1 10 9 9 N/A N/A N/A 0 0
M06 2004 25400 (24%) 40.3 68.6 Southbound 600 33420 to 32820 L1 - MS11 1 10 9 9 9 9 N/A 1 0
M06 2004 28300 (21%) 39.5 67.2 Southbound 1000 38500 to-37500 L1 - MS13A 1 10 9 9 9 9 9 1 2
M06 2004 28300 (21%) 39.5 67.2 Southbound 1000 37500 to 36500 L1 - MS13B 1 10 9 9 N/A N/A N/A 0 0
M07 unknow n unknow n unknow n unknow n Northbound 1000 0 to 1000 L1 - Sec A 0.25 40 9 9 N/A N/A N/A 0 0 Thin Pavement
M07 unknow n unknow n unknow n unknow n Northbound 900 1000 to 1900 L1 - Sec B 0.25 40 9 9 N/A N/A N/A 0 0 Thin Pavement
M07 unknow n unknow n unknow n unknow n Southbound 1000 0 to 1000 L1 - Sec A 0.25 40 9 9 N/A N/A N/A 0 0 Thin Pavement
M07 unknow n unknow n unknow n unknow n Southbound 900 1000 to 1900 L1 - Sec B 0.25 40 9 9 N/A N/A N/A 0 0 Thin Pavement
M08 2004 7708 (7%) 4.3 7.3 Eastbound 1000 0 to 1000 L1 - Sec A 0.25 40 9 9 N/A 9 N/A 3 0 Thin Pavement
M08 2004 7708 (7%) 4.3 7.3 Eastbound 200 1290 to 1490 L1 - Sec B 0.25 40 9 9 N/A N/A N/A 0 0 Thin Pavement
M08 2004 7708 (7%) 4.3 7.3 Westbound 1000 0 to 1000 L1 - Sec A 0.25 40 9 9 N/A 9 9 3 4 Thin Pavement
M08 2004 7708 (7%) 4.3 7.3 Westbound 500 1000 to 1490 L1 - Sec B 0.25 40 9 9 N/A 9 9 1 1 Thin Pavement
Site 
ID
Traffic count 
(year)
AADT 1-way 
(%HGV)
Cores ITSM Number of 
cores
Number of 
ITSM tests 
M01 2006
GPR 
spacing (m)
Nr of points 
every 10m
Survey 
coverage
Past traffic 
msa (up to 
2006)
Future 20 years 
design traffic msa 
(2006 to 2026)
Direction Section 
Length (m)
Chainage Lane considered
20
Clockw ise 0.5 20
DCP
M01 2006 Anti-Clockw ise 0.5
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4.2 Standards  
The UK standards considered in the analysis are: 
x Report LR1132 (Powell et al., 1984) for the calculations of fatigue and 
deformation life; 
x HD26/01, Pavement Design, (DMRB Volume 7); and  
x HD25/94, Foundations (DMRB Volume 7) 
It should be noted that the above standards are now superseded.  The 
differences between the old and the new standards do not affect this research 
as the ultimate goal of the study is not to focus on absolute values of fatigue 
and deformation life but rather on the variability (spread) of the results.  
4.3 Research challenges and 
methodologies 
As introduced in the previous thesis chapters, the objective of this research is 
to produce prediction models of the pavement design life once the variability 
of the design input parameters ± in terms in mean, standard deviation and 
probability distribution ± is known.  In order to achieve the research objectives 
two main challenges need to be overcome: 
x To generate artificial data for example for layer thickness and stiffness; and 
x To calculate the stresses and strains at critical locations within the 
pavement structure for a large number of data points. 
Both challenges are particularly important for the Monte Carlo simulation 
analysis, proposed to assess the effect of variability of input parameters on 
pavement performance (see chapter 3).  The following paragraphs provide the 
theoretical background to the techniques used to address the research 
challenges above.  The development and improvement of these techniques is 
then discussed in future chapters. 
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4.4 Generation of random numbers 
Generation of random numbers for modelling purposes is widely used and well 
known in the world of science.  For example, random numbers from a normal 
distribution with specific mean (µ) and variance (ı2) are easily obtained from 
statistical computer packages.  If Z is a standard normal deviate with mean 0 
and variance 1, then X = Z*ıȝZLOOKDYHDQRUPDOGLVWULEXWLRQZLWKH[SHFWHG
YDOXHȝDQGVWDQGDUGGHYLDWLRQı   
Similarly, the random numbers from a lognormal distribution can be generated.  
The lognormal distribution is one for which the logarithms of the data values 
are normally distributed.  If W has a normal distribution with mean µ and 
variance ı2, then X= exp(W) is a lognormal random variable with mean m and 
variance v, as described by the following equations: ݉ ൌ ݁ݔ݌ ቆߤ ൅ ߪଶ ?ቇ (4.1) ݒ ൌ ݁ݔ݌ሺ ? כ ߤ ൅ ߪଶሻ כ ሺ݁ݔ݌ሺߪଶሻ െ  ?ሻ (4.2) ߤ ൌ ݈݋݃ ቆ ݉ଶ ?ݒ ൅ ݉ଶቇ (4.3) ߪ ൌ ට݈݋݃ ቀ ݉ݒଶ ൅  ?ቁ (4.4) 
where all of the logarithms are natural (base e) logarithms. 
However, the techniques described above cannot realistically replicate the 
typical thickness profile data obtained by GPR surveys.  To realistically model 
the real frequency characteristics of the thickness data a power spectrum 
analysis has been utilised.  The practical application of the power spectrum 
analysis is described in chapter 5. 
4.4.1 Power Spectrum Analysis 
An attempt was made to represent the layer thickness profile obtained by the 
GPR survey as a waveform.  Any periodic non-sinusoidal waveform can be 
shown to be composed of a combination of sine waves, which may vary in 
amplitude, frequency, and phase.  A rigorous mathematical technique known 
DVµ)RXULHU$QDO\VLV¶ZDVDSSOLHGZKLFKDOORZVDWLPH-domain waveform to be 
described in terms of both frequency-domain magnitude and phase.  Once 
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magnitude and phase characteristics are known, the original signal (i.e. layer 
thickness profile) can be reconstructed.  Fourier analysis is used in many of 
the sciences as an analysis/synthesis method of signals.  The Power spectrum 
density of a non-periodic signal is a function of frequency, and the area under 
a spectral density curve is equal to the mean square value of the signal (i.e., 
total signal power).  The basics behind this analysis are to analyse the 
amplitude and the phase characteristics of a signal, by use of the Fast Fourier 
Transform, and then to reconstruct the original signal.   
The first step was to identify uniform sections, 1km long, with continuous data 
information for both the asphalt and granular layers thickness.  Various Matlab 
algorithms have been used to calculate the direct spectrum and to see whether 
the two signals were in phase or out of phase.  Some typical plots are 
presented in Figure 4.1 which refers to a section of the M01 (Section A, site 
M01, Northbound direction between MP42/0 and MP43/0).   
  
  
Figure 4.1  Example of Power spectrum analysis output  
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Graph a) is simply a plot of the depth from the surface of the asphalt layer and 
of the granular sub-base layer.  Graph b) is the single sided power spectral 
density and shows that most of the energy is in wavelengths of 2.5m (1 / 0.4) 
or higher.  Graph c) indicates, as a function of the frequency, whether the two 
signals are in phase or out of phase.  For example, at 0.5 frequency (cycle/m) 
there is a difference in phase of about 30º.  Graph d) is a transformation of the 
phase shift into distance, always as a function of frequency.   
The purpose of this analysis was to get information about the phase and 
amplitude contents of the various signals in order to reconstruct the original 
signals as well as create other hypothetical signals which could represent 
various scenarios of pavement thickness distributions.   
4.5 Calculation of stresses and strains 
The Analytical-Empirical (or Mechanistic-Empirical) approach to design of 
flexible pavements involves first the calculation of the critical stresses, strains 
and displacements (response models) in the individual pavement layers using 
an analytical model and second a comparison to permissible stresses or 
strains (performance/deterioration models).   
Response models are developed to examine the response (deflection, strain, 
stress) of the pavement under the traffic loads based on a continuum 
mechanics approach.  Responses at critical locations are often used in 
pavement analysis.  For instance, the horizontal tensile strain at the bottom of 
the asphalt layer can be used to predict fatigue failure in the asphalt.  The 
compressive strain at the top of the subgrade is used to predict deformation 
(rutting) failure.     
,QWKLVUHVHDUFK2GHPDUN¶V0HWKRGRI(TXLYDOHQW7KLFNQHVVHV0(78Olidtz, 
 DQG 6KHOO¶V VSHFLDOLVW VRIWZDUH ³%,6$5´ ZHUH XVHG WR FDOFXODWH WKH
stresses and strains for various pavement structures.   
BISAR is one amongst many available multi-layer computer programs used to 
calculate stresses and strains in pavements, but the main limitation is that only 
a maximum of 10 pavement structures can be analysed at a time and all input 
parameters need to be inserted manually by the user.  The MET methodology 
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on the other hand is not a precise method from a mathematical point of view, 
but it can give an instant prediction of the strains and stresses in pavement 
layers.  It should be considered as a simple and efficient method for practical 
purposes, for example in Pavement Management Systems or in simulation of 
pavement deterioration, where stresses and strains must be calculated large 
numbers of times (Pearson, 2011).  
4.5.1 Response models 
The Amadeus report (2000) groups response models into two categories, 
namely semi-infinite half space and layered systems.  Particular attention is 
given in this section to the MET and BISAR response models for which a 
comparison has been completed in the analysis section, see chapter 8.   
4.5.1.1 Semi-infinite half space 
In 1885 Boussinesq solved the equations for the response of a semi-infinite 
elastic solid.  His basic assumptions were: 
x Static equilibrium. 
x Compatibility (continuous solid material). 
x +RRNH¶VODZ 
Based on these assumptions, he established a fourth order differential 
equation that he solved for a point load perpendicular to the surface and for 
WKHFHQWHUOLQHRIDFLUFXODUORDG%RXVVLQHVT¶VFORVHGIRUPVROXWLRQVDUHYHU\
simple and allow the calculation of stresses, strains, both normal and shear, 
as well as displacements at any point in the halfspace under a point load or on 
the center line of a circular load. 
For the center line of a uniformly distributed circular load, with radius a and 
contact stress Vo, the vertical stress Vz, the horizontal stress Vr or Vt, the vertical 
strain Hz, the horizontal strain Hr and the vertical deflection dz, may be calculated 
from: 
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The horizontal strain Hr PD\DOVREHFDOFXODWHGXVLQJ+RRNH¶VODZ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(4.10) 
where Q LVWKH3RLVVRQ¶VUDWLRE is the modulus of a homogeneous, isotropic, 
linear elastic semi-infinite space and z is the depth. 
A review made in the Amadeus report (2000) citing Fröhlich (1934), Kögler & 
Scheidig (1938), and Boussinesq (1876) showed that the theory of elasticity 
was not satisfactory, particularly for granular materials, and alternative models 
were proposed.  A large number of models have been developed since in order 
to achieve a better description of the stresses and strains in real materials.  All 
of these models require supplementary input parameters in addition to the 
elastic parameters, and these supplementary input parameters are normally 
very difficult to measure.   
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4.5.1.2 Layered systems 
No closed form solXWLRQV OLNH %RXVVLQHVT¶V HTXDWLRQV H[LVW IRU D OD\HUHG
system, like a pavement.  The different approaches used to deal with layered 
elastic systems may be divided into: the Method of Equivalent Thicknesses 
(MET), Layered Analytical Models (LAM) (also referred as to Layered Elastic 
Theory, LET) and Finite Element Models (FEM).    
Method of Equivalent Thicknesses (MET) 
In 1949 Odemark presented a simplified method for dealing with a layered 
system.  Odemark transformed the layered system into semi-infinite half-
spacesRQZKLFK%RXVVLQHVT¶VFORVHGIRUPVROXWLRQVFRXOGEHXVHGVHHeq. 
(4.5) to eq. (4.10)7KHWUDQVIRUPDWLRQLVGRQHE\FDOFXODWLQJWKH³HTXLYDOHQW
WKLFNQHVV´ LQVXFKDZD\ WKDW WKHVWLIIQHVVof each layer is maintained (see 
Figure 4.22GHPDUN¶VPHWKRGLVEDVHGRQWKHDVVXPSWLRQWKDWWKHVWUHVVHV
and strains below a layer depend on the bending stiffness of that layer only.  If 
WKH WKLFNQHVVPRGXOXVDQG3RLVVRQ¶V UDtio of a layer are changed, but the 
bending stiffness remains unchanged, the stresses and strains below the layer 
should also remain (relatively) unchanged (Ullidtz, 1998).  The bending 
stiffness of a layer is proportional to: 
2
3
1 Q
Eh
 
(4.11) 
Where h is the thickness of the layer, E is the elastic modulus and Q is the 
3RLVVRQ¶VUDWLR7KLVYHU\VLPSOHPHWKRGFDQEHXVHGLWHUDWLYHO\WRVLPXODWHD
multilayer system.  
 
Figure 4.2  2GHPDUN¶VWUDQVIRUPDWLRQRIDIRXU-layer system 
Asphalt h1, E1, Q1 he2, E2, Q2 he3, E3, Q3 he4, E4, Q4
Sub-base h2, E2, Q2 h3, E3, Q3
E4, Q4 E4, Q4
Capping h3, E3, Q3 E4, Q4
Subgrade E4, Q4
h: thickness
E: stiffness
Q: Poisson's ratio
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For a multi-layer system the equivalent thickness of the upper n-1 layers with 
respect to the modulus of layer n - DVVXPLQJWKH3RLVVRQ¶VUDWLRWREHWKHVDPH
for all layers - may be calculated from (Ullidtz, 1998 and 1987): 
3
1
1, *
n
i
i
n
ine E
Ehfh  ¦ 
 
(4.12) 
where he,n is the equivalent thickness of the layer of interest (layer n), f is a 
correction factor used to obtain results close to the theory of elasticity, hi is the 
thickness of the layer i, Ei and En are the elastic moduli of layers i and n 
respectively.  Reasonably good agreement with the theory of elasticity is 
obtained with a correction factor of 0.8, except for the first interface where a 
factor of 0.9 is used for a two-layer system and 1.0 for a multi-layer system.  
2GHPDUN¶V PHWKRG ZLOO JLYH DQVZHUV UHDVRQDEO\ FORVH WR WKH WKHRU\ Rf 
elasticity provided that: 
x Moduli are decreasing with depth (Ei/Ei+1 > 2), and 
x The equivalent thickness of each layer is larger than the radius of the 
loaded area.   
A limitation of the MET method for a 3 or more layer modelled pavement 
structure is that the asphalt strain is independent of the characteristics of the 
formation layers (i.e., subbase thickness and subgrade stiffness for a 3-layer 
pavement structure; subbase thickness, capping thickness, capping stiffness 
and subgrade stiffness for a 4-layer pavement structure).     
Layered Analytical Models 
Layered Analytical Models are generally based on the work of Burmister 
(1943).  They are often referred to as mathematically exact solutions, where 
the fourth order differential equation is solved for the given boundary 
conditions using numerical integration.  These models give the response 
(stresses and strains) at any point of the pavement structure induced by a 
wheel load, in a multi-layered, linear elastic pavement in which the layers are 
treated as being horizontally infinite and resting on a semi-infinite subgrade.  
Originally, layered analytical models of this type only considered linear elastic 
isotropic layers, uniform circular loading and full bond at the layer interfaces, 
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but now some models can consider complex interactions between the road 
and tyre, multiple wheel loads and complex material behaviour (cross 
anisotropy, viscoelasticity).  Some of the more well-known computer programs 
developed for calculating stresses, strains and displacements in layered 
elastic systems are Elsym5 (University of California), WESLEA (Waterways 
Experiment Station), Circly (Commonwealth Scientific and Industrial Research 
Organisation) and BISAR.   
BISAR 3.0 (BItumen Stress Analysis in Roads) is a linear elastic response 
model developed by Shell.  Loading is defined for up to 10 circular areas by 
specifying the uniformly distributed vertical load and also a unidirectional 
horizontal shear.  Conventional layer parameters (layer stiffness E in MPa, 
layer thickness T in m DQG3RLVVRQ¶VUDWLRQ) are needed to define the material 
and also slip can be defined between each layer.  Input is provided via a user 
friendly interface.  This interface allows up to ten different cases to be defined 
and calculated simultaneously.  Facilities for duplicating the cases are included 
allowing for easy and rapid variation of input parameters.  Included in the user 
interface is the facility to save all three components of a BISAR run (loads, 
structure, output positions) independently.  This in some way is a database 
whereby standard loads and structures can be recalled for use in other 
analyses.  Output is offered in two styles (a report suitable for printing or a 
table suitable for importing into a spreadsheet) and in two forms (block 
summary or detailed results).  The programme is also suited to analyse 
stress/strain profiles in more complex designs and loading patterns, e.g. in 
airfields. 
A limitation of BISAR is that only a maximum of 10 pavement structures can 
be analysed at a time and all input parameters need to be inserted manually 
by the user.  Consequently, the software is not suitable for obtaining stresses 
and strains for a large number of pavement structures.   
Finite Element Models 
Finite Element Models are those based on the method of finite elements.  This 
method assumes that a continuum can be divided into smaller more 
manageable elements.  These finite elements, as the name suggests, are finite 
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in size and together form a finite element mesh.  Each element has its material 
behaviour defined.  The behaviour of each element can be analysed 
separately and the cumulative deformations of the elements brought together 
to give a resultant deformation for the whole structure.  These models can deal 
with non-linear material behaviour, complex tyre contact stresses and virtually 
any geometric condition, including pavement discontinuities.  On the basis of 
the nodal displacements, stresses and strains can be computed at any location 
of the structure.  A distinction should be made between plane stress/strain two-
dimensional methods (2D), axi-symmetric methods and three-dimensional 
methods (3D).   
When moving from MET, over simple layered analytical models, via more 
advanced analytical models, to axi-symmetric and 3D FEM, the complexity 
increases, not only of the models but normally also of the input parameters 
required and the operation of the program.  This increased complexity can only 
be justified if the response predicted by the more complex models is 
significantly closer to the actual pavement response.  If the more complex 
models do not improve the agreement with the actual pavement response, 
then the simpler models are to be preferred (AMADEUS report, 2000). 
4.5.2 Literature review on layered systems 
response models 
4.5.2.1 Current use of LET & FEM 
Layered elastic theory (LET) ± also known as Layered Analytical Models (LAM) 
± has been used successfully in the design and analysis of asphalt pavements 
for more than 50 years (Khazanovich & Wang, 2007).  LET was introduced by 
Burmister, who developed analytical solutions for a two-layered system and 
later extended them to a three-layered system. Over the years, the theory was 
extended for an arbitrary number of layers.   
During the last thirty years, many computer codes have been developed based 
on the layered elastic theory.  BISAR (Shell), Elsym5 (University of California), 
Circly (Commonwealth Scientific and Industrial Research Organisation), 
KENLAYER (University of Kentucky), WESLEA (Waterways Experiment 
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Station), JULEA (AASHTO), and LEAF(Federal Aviation Administration) can 
be mentioned among others.  More information on comparison of response 
models to measured response can be found in the AMADEUS report (2000).  
LET programs have been widely used in flexible pavement analysis and design 
procedures.  For example, WESLEA is incorporated into the Minnesota 
Department of Transportation design program MnPAVE, and LEAF is 
embedded into the Federal Aviation Administration design program LEDFAA 
[now FAAFIELD].  BISAR is widely used in the UK for analytical design 
procedures and in forward analysis while MODULUS, also based on multi-
layer elastic theory, is recommended by the Highways Agency for FWD 
backanalysis.  
A new mechanistic-based design procedure (MEPDG, AASHTO 2008) has 
been developed by the National Cooperative Highway Research Program 
(NCHRP) under AASHTO sponsorship.  The models for the design of flexible 
pavements in the MEPDG guide are based on the response computed from: 
x the multi-layer elastic program JULEA (Jacob Uzan Linear Elastic 
Analysis); or  
x the 2-D Finite Element Analysis (FEA) program, Disturbed State Concept 
DSC2D (for non-linear analysis).  The FEA program is used only when the 
designer chooses to use the Level 1 input to characterize the non-linear 
response of unbound layer materials (such as bases, sub-bases and/or 
sub-grades) while all bituminous and stabilised layers are always treated 
as linear. 
MEPDG usually uses the LET program JULEA to calculate the structural 
responses (stresses, strains, and displacements) of flexible pavement and 
uses these responses to predict the type and extent of damage at various 
times using mechanistic or empirical models.  The procedure requires 
performing layered elastic analysis more than 1000 times for a single design 
simulation of a flexible (asphalt) pavement.  This makes the flexible design 
process very time consuming but manageable with LET analysis.  The reason 
for not using the FEA program for regular linear analysis is because of the 
computational time needed for FEA. 
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4.5.2.2 Limitations of layered elastic theory 
As discussed LQ 3HDUVRQ  µH[DFW¶ VROXWLRQV RIIHUHG E\ FRPSXWHU
SURJUDPV DUH RQO\ FORVH WR µH[DFW¶ LQ D PDWKHPDWLFDO VHQVH UHODWHG WR WKH
numerical integration procedures.  The assumptions made for static 
equilibrium, compatibility (or continuity) and constitutivH HTXDWLRQV +RRNV¶
law) are not correct for pavement structures: 
x Loads are mostly dynamic, not static and are not usually circular or 
uniformly distributed. 
x The materials are not continuous ± some are even particulate (granular). 
x Deformations are not only elastic but also plastic, viscous and viscoelastic 
and they are mostly non-linear and anisotropic.   
x Precise information on the elastic parameters of granular materials and 
subgrades is in most cases very limited.   
x When elastic equations are applied, unreal values of stress are generated 
in the granular layers (statically impossible). This happens especially on 
pavements with thin asphalt layers (Rondón et al., 2012). 
7KHUHIRUHLQDSK\VLFDOVHQVHDOOVROXWLRQVDUHIDUIURPEHLQJµH[DFW¶WKH\DUH
only approximate.   
Loulizi and Al-Qadi (2004) as cited in Yin (2012) ± based on a study on Virginia 
Smart Road ± identified the inability of two-dimensional (2D) layered elastic 
analysis LEA to predict pavement response under complex loading and 
environmental conditions.  The authors demonstrated that the limitations of 
LEA can be easily managed in three-dimensional finite element analysis (3D 
FEA).  The 3D FEA model offered a reasonable accuracy in the prediction of 
tensile strains when compared to field measurements. 
Ozawa et al. (2009) demonstrated that software widely used for pavement 
structural analysis, like BISAR and GAMES, which were developed for circular 
loads based on multi-layer linear elastic theory, are unable to evaluate non-
uniformly distributed loads (e.g. rectangular area) derived from field tyre foot 
prints measured by systems such as Stress-In-Motion (SIM) technology.   
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4.5.2.3 Advantages of layered elastic theory 
Despite the limitations of linear-elastic analysis because just a few pavement 
materials have a constant modulus of elasticity, Monismith (1987) as cited in 
Fernandes Jr et al. (2006) validated their use for estimation of the structural 
behaviour of pavements under traffic loading.  Besides that, linear-elastic 
analysis allows a fast determination of structural responses and needs just a 
few parameters.   
It is generally accepted that the BISAR program can be taken as the reference 
to which all other LET programs can be compared (Molenaar, 2007).  This is 
because of the high mathematical stability of the BISAR program.  
Khazanovich & Wang (2007) also reported BISAR as being widely recognised 
as the most robust LET program.  
Despite the significant simplification used by multilayer linear elastic theory, a 
number of studies ± Hildebrand (2002), Mateos et al. (2008), Mateos & Snyder 
(2002) as cited in Mateos et al. (2013) ± show that a reasonable degree of 
accuracy can be achieved by using linear elasticity (BISAR software) in order 
to predict pavement structural response, as soon as appropriate conditions are 
selected for characterisation of pavement materials.  In particular, asphalt 
modulus should be selected for a frequency that is representative of the vehicle 
load pulse, and soil modulus should be determined for a load level that 
adequately represents the stress state developed under the vehicle loads.  In 
a recent study conducted by Johanneck and Dai (2013) on three full-depth 
reclamation (FDR) sections constructed at the Minnesota Road Research 
Facility in 2008, BISAR simulations were performed as a means to validate 
sensor responses qualitatively and to examine differences in the strain profile 
through the depth of the pavement.  The researchers found that despite the 
non-perfect agreement between modelled (with BISAR) and measured strain 
responses (i.e. in their absolute values), qualitatively, BISAR confirmed the 
measured observations. 
Park et al. (2005) investigated the influence of 3D tyre contact stresses on 
predicted pavement life by comparing the results of the 3D FE model with 
corresponding results obtained using the layered linear elastic program, 
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BISAR.   Three different analysis methods were used: 3D FE with measured 
tyre contact stresses; BISAR using measured tyre contact areas to determine 
equivalent uniform circular pressure distributions (BM analysis); and BISAR 
using the conventional procedure of calculating the equivalent circular loaded 
area by dividing the tyre load by the tyre inflation pressure (BC analysis).  
Based on the results from comparisons of the 3D FE, BM and BC methods, 
the authors recommend the application of the BM method in layered elastic 
analyses of pavement response, for accurate predictions of both fatigue and 
rutting life.  The results of Chen et al. (2012) also showed that the BISAR 
program with a single-line load model could be used to evaluate the potential 
for pavement failure as well as to predict pavement performance under super 
heavy loads.  They found that BISAR gave similar results to those provided by 
finite element software. 
4.5.2.4 Advantages of MET 
OdemDUN¶VPHWKRGRIHTXLYDOHQWOD\HUWKLFNQHVV0(7KDVEHHQZLGHO\XVHG
for pavement response analyses (Ullidtz, 1987) and FWD backcalculation 
(Ullidtz et al., 2006).  Ullidtz (1987) showed that the pavement responses 
(stresses, strains and deflections) calculated by the method of equivalent 
WKLFNQHVV XWLOLVLQJ %RXVVLQHVT¶V HTXDWLRQV ZHUH FRPSDUDEOH WR WKRVH
calculated for the same structure with the CHEVRON (Elsym 5) computer 
program.  The results obtained with this method varied between 89% and 92% 
of the values obtained from the theory of elasticity.   
In a recent and extensive study ± based on a two-layer system with the first 
layer thickness varying from 2in (50mm) to 15in (380mm), with 5 different 
modular ratios of E1/E2 ranging from ~3 to ~70 and with a 3RLVVRQ¶VUDWLRRI
0.35 for all layers ± El-Badawy & Kamel (2011) concluded that: 
x A good agreement existed between the vertical stresses at the interface 
between the two layers, in a two-layer system, calculated using the theory 
RIHODVWLFLW\DQG2GHPDUN¶s concept when using a correction factor (f) in the 
range of 0.8 to 0.9 which agrees with the other literature studies. 
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x However, at any other depth within each layer, this correction factor is not 
a constant value but was found to be a function of the layer thickness, depth 
and modular ratio. 
Lu et al. (2008) investigated the relative accuracy of backcalculated moduli 
using three response models (i.e., to calculate deflections) ± Odemark, the 
linear elastic program WESLEA developed by the U.S. Army Corps of 
Engineers Waterways Experiment Station, and a layered elastic program 
called LEAP developed by Symplectic Engineering, Inc. for the University of 
California ± on a three-layer pavement structure consisting of a hot-mix asphalt 
layer over aggregate base and subgrade (AC/AB/SG) with various known 
moduli assumed.  Results of their analysis showed that the backcalculated 
moduli from the three models are all within 7 percent of the assumed values.  
Calculated deflections with MET, from 30 tests sites, were found generally to 
be within 10% of the measured (from FWD) centreline deflections (Pologruto, 
2001).   
As reported in Ullidtz and Zhang (2002), strains under the FWD load predicted 
by using three methods (Odemark method (MET), the linear elastic theory 
(LET) and the finite element method (FEM)) reproduce with reasonable 
accuracy real strains measured in pavements, even if in most cases the best 
agreement (and the most reasonable values for layer moduli) was found using 
the method of equivalent thicknesses.  Similar conclusions were drawn by 
Zhang & Macdonald (2000).  For the horizontal strains at the bottom of the 
asphalt layer, the calculated values with all three methods could be seen to 
match the measured values.  The calculated vertical strains with MET were 
within the range of the measured values.  Similarly, analysis of the 
backcalculation results from five 200 m long experimental sites in Tuscany 
(Italy) demonstrated that a good correlation could be established between the 
modulus and strain values obtained with the different calculation methods 
adopted (MET, LET and FEM) (Losa et al., 2008).  They noted that all three 
calculation methods provided fairly similar results (with variations of about 
10%) for the horizontal strain at the bottom of the asphalt concrete layer while 
FEM and LET underestimate by an average of 14% the vertical strain on top 
of subgrade when compared to the value obtained by the MET approach.   
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4.5.2.5 Discussion 
This literature review shows that elastic multi-layer theory can be used to 
obtain horizontal strains at the bottom of the asphalt layer.  However linear 
elastic models cannot correctly predict the vertical compressive strain at the 
top of the subgrade.  To overcome this problem two main options are 
proposed, as indicated in the AMADEUS report (2000): 
x 2QH LV WR PDNH XVH RI D YHU\ VLPSOH PRGHO UHO\LQJ RQ %RXVVLQHVT¶V
equations, modified for non-OLQHDU PDWHULDO EHKDYLRXU DQG 2GHPDUN¶V
transformation of a layered system.  Because of its simplicity, this method 
lends itself quite well to an incremental procedure.   
x The other option is to make use of the Finite Element Method (FEM) which 
could treat material non-linearity mathematically exactly and which also 
allowed visco-elastic, elastoplastic and anisotropic materials.  The main 
drawback of this method is that it is reported as being very computer 
intensive, particularly if 3D problems had to be treated. 
Although MET (Method of Equivalent Thickness) is not a precise method from 
a mathematical point of view, it can predict the strains and stresses in 
pavement layers reasonably well.  This should be considered as a simple and 
efficient method for practical purposes (AMADEUS, 2000).  Pearson (2011) 
DOVRVWDWHVFOHDUDGYDQWDJHVZLWKWKHXVHRI2GHPDUN¶VPHWKRG 
x It is very fast and simple, can be included in a spreadsheet or used in a 
pavement management system where stresses and strains must be 
calculated millions of times.  Therefore, this method makes structural 
analysis of pavements a more practical and convenient tool for engineers. 
x For most practical purposes, the accuracy of approximate methods such 
as the MET should be quite sufficient.   
x A non-linear elastic subgrade may be easily included. 
Based on the results of the literature review and on the wide use of the BISAR 
program in the UK for analytical design it was decided to make a comparison 
between the MET and the BISAR approaches, see chapter 8.  The main focus 
of this research is not in the absolute accuracy in the calculations of stresses 
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and strains in pavements (and consequent pavement lives).  The main 
objective is rather the development of a practical approach to pavement design 
where the effect of variations in material properties on pavement performance 
can be easily assessed and statistically expressed.  More precise but more 
complicated design formulae would necessitate sophisticated computer 
programs or laborious calculations which are outside the scope of this work.  
4.5.3 Performance models 
Pavement performance models form a key element in a pavement 
management system (PMS).  At the network level, performance models are 
used to predict the future condition of roads.  This information forms the basis 
for assessing the short-term and long-term rehabilitation needs of the road 
network.  At the project level, performance models are used to carry out 
economic evaluation of alternative pavement design strategies (i.e. 
reconstruction, rehabilitation, maintenance) in order to find the most cost-
effective solution for the road.  The review of design methods carried out by 
Nunn and Merrill (1997) showed that 60% of the European countries surveyed 
had developed an analytical design method and that these methods are very 
similar in concept.  These methods deal with only 2 forms of deterioration, 
fatigue and structural deformation, in a fairly simplistic manner. 
The performance prediction models used in the UK and adopted in this paper 
are (Powell et al., 1984): 
x Structural cracking: the number of traffic loads to fatigue failure (Nf) of 
asphalt layers is determined on the basis of horizontal tensile strain at the 
bottom of the asphalt layer (Hr): 
rfN Hlog16.438.9log u 
 
(4.13) 
x Structural deformation: the number of traffic loads to deformation (rutting) 
failure (Nd) is determined on the basis of vertical compressive strain at the 
top of the subgrade (Hz): 
zdN Hlog95.321.7log u 
 
(4.14) 
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4.6 Conclusions 
This chapter has summarised the available survey data for all sites included in 
the analysis and has introduced the theory behind Fourier analysis and the 
Method of Equivalent Thickness (MET).   
Fourier analysis has been explored to obtain information about the frequency 
characteristics of the GPR profile data for future artificial generation of layer 
thickness in Monte Carlo simulation.  
The MET technique will be utilised because it is very powerful when calculating 
stresses and strains for a large number of pavement structures, and for Monte 
Carlo simulation. 
The development of the above research methodologies will be discussed in 
chapter 5 and 8 respectively. 
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5 Statistical characterisation of 
layer thickness variability 
This chapter focusses on the characterisation of the variation of the layer 
thickness input parameter.  Layer thickness information is generally obtained 
from as-built records, from coring or from Ground Penetrating Radar (GPR) 
surveys.  As-built information is often difficult to find and only general layer 
thickness information is obtained from records.  Cores/bores give more 
accurate layer thickness information but the survey is hazardous, destructive, 
time consuming and information obtained is point-specific.  On the other hand, 
GPR surveys are rapid, cost effective, and non-destructive.  However, 
particularly at scheme level, GPR surveys need to be calibrated against cores 
to increase the level of confidence in the results.  
Thickness information from radar surveys has mainly been used in this 
research analysis given the limited amount of coring information generally 
available for a road scheme.  To perform a statistically valid comparison 
between GPR and coring thickness a large number of cores would be required. 
Where appropriate, relevant research assumptions are summarised in italics 
at the end of the section. 
5.1 Design vs. constructed thickness 
Flexible pavement design in the UK comprises the following steps (input 
parameters): 
x Calculation of the design traffic in terms of millions of standard axles (msa); 
x Estimation of subgrade strength in terms of CBR value; 
x Selection of bituminous material based on site characteristics and 
experience. 
All input values are generally expressed by a single figure.  The outputs of the 
design process are a certain thickness for the foundation and a certain 
thickness for the pavement layers, both characterised by a certain stiffness 
value.  The thickness is derived directly from charts (HD 26, Design Manual 
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for Roads and Bridges, Volume 7) or it can be the result of an analytical design.  
For major UK motorways, an 85% probability design reliability is assumed in 
the design equations which means that 85% of the pavement will exceed the 
design life.   
However, the premature failure of some recently built motorways and the use 
of automated surveys such the Ground Penetrating Radar (GPR) have shown 
that the quality of construction is sometimes poor and significant variances 
may occur between the pavement design thickness specified and that actually 
constructed.   
5.2 Construction tolerances for analytical 
designs 
Quality of construction is controlled by the use of specifications.  Construction 
tolerances are used to control the pavement construction process to ensure 
that the produced layers are within the allowed thickness tolerance.  Most of 
the specifications now, as in the UK and USA, are performance related.  They 
account for variability on highway pavement construction by establishing upper 
and lower limits for the specific material properties.  As for the thickness, 
tolerances apply to the constructed surface of the pavement courses, as 
described in the Highways Agency Manual of Contract Documents for Highway 
Works (MCHW) Series 700.  The standard clauses contain a number of 
tolerances which allow the contractor to complete the construction of the 
pavement within a variation in thickness, see also section 5.4.4.   
The design thickness charts mentioned in HD26 (Design Manual for Roads 
and Bridges, DMRB Vol 7) have these tolerances built in.  However, the 
tolerances currently in MCHW are not applicable to analytical design derived 
thicknesses.  Experience on current projects suggests that thin bituminous 
pavements may require the addition of construction variability to the design to 
allow the successful completion of the works.  The final pavement thickness 
must never fall below the design thickness obtained from the pavement 
calculation.  The construction specification tolerances and the thickness of the 
existing bituminous platform must be combined to produce the completed 
pavement thickness. 
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The same concept applies to the overlay maintenance scenario:  the 
construction of remedial works must ensure that the Specification thicknesses 
and tolerances and existing pavement thickness will confidently produce the 
required minimum pavement design.  Zaghloul et al. (2005) also 
recommended that the variability expressed by the tolerance range should be 
considered in the backcalculation analysis.    
5.3 Importance of layer thickness for 
rehabilitation design 
Pavement structural performance and rehabilitation (i.e., overlay) design 
depend on the in-situ layer thickness and material type and quality.  
Backcalculation analysis performed on measured surface deflections is used 
to assess the in-situ pavement structural capacity by estimating the in-situ 
pavement and subgrade moduli.  Minor changes in asphalt layer thickness can 
produce significant changes in the analytical results of elastic properties of 
pavements (Attoh-Okine and Roddis, 1994).   
The impact of variation of asphalt layer thickness on the back-calculated 
modulus has been investigated by Irwin (1989), Briggs et al. (1992), and Collop 
(2000).  Attoh-Okine (1994) concluded that continuous thickness data as 
provided by GPR surveys, combined with deflection data, improves the 
interpretation and characterisation of the structural integrity of an entire length 
of pavement.  The use of discrete core thickness (or similarly, the use of 
historical thickness information from a database), which in some cases does 
not correspond to the location of the measured deflections, will result in an 
inaccurate interpretation of the structural conditions of the site. 
The impact of layer thickness variation on back-analysed asphalt stiffness 
modulus is discussed in chapter 6. 
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5.4 Evaluation of pavement layer thickness 
variability 
5.4.1 Literature research results  
As mentioned before, the pavement performance can vary significantly due to 
the variability in pavement layer thickness (see also section 2.6.2.2), which is 
mainly due to the construction process and quality control procedures in place.  
Therefore, even though a unique design thickness is specified for a road 
section (for example, in Appendix 7/1 of Series 700 of the Specification for 
Highway Works on the Highways Agency network) the actual (as-built) 
thickness is not constant.  The pavement layer thickness is expected to have 
a certain probability distribution with a higher density around the mean target 
thickness.  Darter et al. (1973) quantified for the first time the variability in the 
layer thickness as measured through standard deviation values for the various 
pavement materials considered: 0.41in (10.4mm) for the asphalt concrete, 
0.68in (17.3mm) for cement-treated bases, 0.79in (20.1mm) for aggregate 
bases and 1.25in (31.8mm) for aggregate subbases.  These values were 
obtained from measured pavement thicknesses in highway construction in 
California from 1962 to 1969.  Using corresponding thicknesses of these 
layers, an average coefficient of variation (COV) of about 10% was obtained.  
This was later confirmed by Noureldin et al. (1994) who summarised the COVs 
for the layer thickness (and other properties) of the 1986 AASHTO design 
guide, see Table 5.3. 
More recently, Selezneva et al. (2003) studied layer thickness variability by 
analysing thickness data (elevation and core measurements) from a large 
number of newly constructed flexible and rigid pavement sections taken from 
the Long Term Pavement Performance (LTPP) database.  The authors 
concluded that 86% of 1034 analysed pavement layers ±corresponding to 
Specific Pavement Studies (SPS) sections ± follow a normal distribution, with 
a mean COV for asphalt layers around 10%.  They also found that only 60% 
of the pavement layers have a mean thickness within 0.25in (6.4mm) of the 
required design thickness.  The results above refer to a typical section 
containing approximately five core samples ± therefore a very small sample 
  
 
Statistical characterisation of layer thickness variability Page 86  
 
size ± and around 50 elevation measurements (typically one every 15m; 
section about ~800m long).   
The LTPP database is also populated with an additional set of thickness data 
collected by GPR surveys for selected SPS sections.  Based on the availability 
of GPR data for the SPS-1 sections in the State of Texas, Aguiar et al. (2009) 
characterised the type of distribution for the HMA (Hot Mix Asphalt concrete) 
surface and binder course layers, and the granular base layer thickness.  The 
authors concluded that pavement layer thicknesses followed a normal 
distribution and the spread of such a distribution, measured by the coefficient 
of variation, is summarised in Table 5.3.  A general observation ± confirmed 
by the results in Table 5.3 ± is that the variability in pavement thickness 
decreases from the subbase to the base layer to the surface layer due to tighter 
construction tolerances on the upper pavement layers.  The results are in 
agreement with the reported values of COV by Attoh-Okine (1994) which 
ranged from 7.8% to 25.6% for five pavement sites in Kansas. 
5.4.2 Statistical results for sites M01 to M08 
(mean, standard deviation, and 
probability distribution) 
To characterise layer thickness variability for the available sites, the first task 
was to plot the GPR data and then to group the thickness values into defined 
interval ranges.  This exercise was done purely to obtain a feeling for the 
dispersion of the data.  For example, a 1km section of a motorway (Section A, 
site M01, Northbound direction) is here shown in Figure 5.1 to Figure 5.3.  The 
pavement structure of the M01 motorway consists of 260mm of asphalt 
material (35mm of surface course, 90mm of HMB15 binder course and 135mm 
of HMB15 base) on top of 150mm of granular sub-base and 350mm of capping 
material.  From the GPR survey, continuous values for the foundation are only 
available for the top layer (i.e., sub-base). 
 
  
 
Statistical characterisation of layer thickness variability Page 87  
 
 
Figure 5.1  GPR thickness values for total asphalt and sub-base 
thickness, relating to 1km section of site M01 
 
Figure 5.2  Histogram representation for total asphalt layer thickness 
distribution, relating to 1km section of site M01 
 
Figure 5.3  Histogram representation for sub-base layer thickness 
distribution, relating to 1km section of site M01 
0.000
0.050
0.100
0.150
0.200
0.250
0.300
0.350
0.400
0.450
0.500
0 100 200 300 400 500 600 700 800 900 1000
Th
ic
kn
es
s 
(m
)
Chainage (m)
M01 Lane 1 Northbound - Section A
Pavement layer thicknesses (GPR) 
Asphalt layer
Subbase layer
0
50
100
150
200
250
300
350
400
N
o 
o
f o
bs
er
v
at
io
n
s
Layer thickness (m)
Total Asphalt Thickness - M01 Northbound Lane1 Section A
0
100
200
300
400
500
600
700
800
N
o 
o
f o
bs
er
v
at
io
n
s
Layer thickness (m)
Sub-base Thickness- M01 Northbound Lane 1 Section A
  
 
Statistical characterisation of layer thickness variability Page 88  
 
From the figures above it can be seen how variable the distribution can be 
around the design mean thickness of 260mm and 150mm, for the asphalt and 
sub-base layer respectively.   
A basic statistical analysis of the GPR data available on all sites has been 
performed and parameters such as mean thickness, standard deviation, 
coefficient of variation (COV) and the probability distribution that fits the data 
best have been calculated for the total asphalt pavement layer and for the 
subbase layer, for each section length.  The results for selected sites are 
summarised in Table 5.1 and Table 5.2.  The measured GPR thickness for the 
asphalt layer thickness of site M01 is above the design thickness of 0.260mm 
in all sections.  The subbase layer thickness is instead more variable and often 
below the design thickness of 0.150mm.  A summary of the mean, standard 
deviation and coefficient of variation of the asphalt and sub-base layer 
thicknesses of all sites is also shown in Appendix A1.  See Appendix A2 for 
plots of GPR layer measurements for all sites. 
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Table 5.1  Statistical analysis of pavement layer thickness for available 
sites 
 
Lane
mean (m) stdev (m) COV (%) mean (m) stdev (m) COV (%)
M01 L1 CW A 0.279 0.010 3.4 0.171 0.036 20.8 1000 0.5 2000
M01 L1 CW B 0.292 0.015 5.0 0.112 0.038 33.8 1000 0.5 2000
M01 L1 CW D 0.268 0.010 3.5 0.133 0.015 11.6 700 0.5 1400
M01 L1 CW E 0.274 0.009 3.1 0.123 0.016 12.6 1000 0.5 2000
M01 L1 CW F 0.274 0.008 3.0 0.130 0.016 12.0 1000 0.5 2000
M01 L1 CW G 0.276 0.012 4.2 0.122 0.029 24.0 1000 0.5 2000
M01 L1 CW H 0.266 0.016 6.1 0.133 0.020 14.9 1000 0.5 2000
M01 L1 ACW A 0.278 0.008 2.9 0.164 0.026 16.0 1000 0.5 2000
M01 L1 ACW B 0.276 0.008 2.9 0.129 0.014 10.5 1000 0.5 2000
M01 L1 ACW D 0.280 0.012 4.3 0.157 0.025 16.0 600 0.5 1200
M01 L1 ACW E 0.274 0.009 3.2 0.133 0.018 13.3 1000 0.5 2000
M01 L1 ACW F 0.269 0.011 4.1 0.129 0.018 13.6 1000 0.5 2000
M01 L1 ACW G 0.271 0.011 4.1 0.146 0.017 11.8 1000 0.5 2000
M01 L1 ACW H 0.268 0.011 3.9 0.132 0.016 12.2 1000 0.5 2000
M02 Hardshoulder NB 0.235 0.021 8.9 0.151 0.029 19.4 1000 1 1000
M02 Hardshoulder SB 0.230 0.019 8.3 0.195 0.040 20.4 800 1 800
M03 Hardshoulder SB A 0.236 0.028 11.8 0.238 0.036 15.2 1000 1 1000
M03 Hardshoulder SB B 0.242 0.027 11.1 0.210 0.047 22.4 1000 1 1000
M03 Hardshoulder SB C 0.273 0.012 4.5 0.172 0.033 19.4 1000 1 1000
M03 Hardshoulder SB D 0.248 0.016 6.6 0.200 0.048 24.1 1000 1 1000
M04 L1 SB A 0.451 0.016 3.6 0.246 0.066 26.8 500 1 500
M04 L1 SB B 0.444 0.016 3.5 0.213 0.034 15.9 1000 1 1000
M04 L1 SB C 0.446 0.021 4.7 0.199 0.056 28.0 1000 1 1000
M04 L1 SB D 0.443 0.010 2.2 0.188 0.083 44.2 500 1 500
M05 L1 CW A 0.334 0.014 4.0 0.185 0.035 18.7 1000 10 100
M05 L1 CW B 0.341 0.014 4.1 0.170 0.027 15.6 1000 10 100
M05 L1 CW C 0.336 0.015 4.5 0.173 0.040 23.0 500 10 50
M05 L1 CW D 0.324 0.012 3.8 0.175 0.025 14.5 300 10 30
M05 L1 CW E 0.332 0.018 5.4 0.175 0.019 10.7 1000 10 100
M05 L1 CW F 0.355 0.017 4.8 0.183 0.006 3.2 1000 10 100
M05 L1 ACW A 0.315 0.017 5.5 0.204 0.028 13.7 1000 10 100
M05 L1 ACW B 0.332 0.016 4.8 0.187 0.026 13.9 1000 10 100
M05 L1 ACW C 0.336 0.015 4.6 0.167 0.021 12.4 400 10 40
M05 L1 ACW D 0.317 0.043 13.5 0.188 0.055 29.2 400 10 40
M05 L1 ACW E 0.327 0.012 3.8 0.181 0.030 16.4 1000 10 100
M05 L1 ACW F 0.327 0.013 4.1 0.201 0.027 13.6 1000 10 100
M06 L1 SB LS2-L1 0.347 0.020 5.7 0.187 0.046 24.7 500 1 500
M06 L1 SB LS2-L2 0.479 0.015 3.2 0.175 0.030 17.0 500 1 500
M06 L1 NB MN7 0.380 0.065 17.0 0.163 0.038 23.1 600 1 600
M06 L1 SB MS11 0.374 0.101 27.0 0.167 0.048 28.6 600 1 600
M06 L1 SB MS13A 0.384 0.051 13.4 0.245 0.046 18.8 1000 1 1000
M06 L1 SB MS13B 0.393 0.056 14.1 0.210 0.049 23.4 1000 1 1000
M07 L1 NB A 0.162 0.043 26.5 1000 0.25 4000
M07 L1 NB B 0.230 0.030 12.9 900 0.25 3600
M07 L1 SB A 0.157 0.036 22.9 1000 0.25 4000
M07 L1 SB B 0.228 0.031 13.6 900 0.25 3600
M08 L1 EB A 0.254 0.032 12.6 1000 0.25 4000
M08 L1 EB B 0.252 0.026 10.3 200 0.25 800
M08 L1 WB A 0.225 0.036 16.1 1000 0.25 4000
M08 L1 WB B 0.207 0.045 21.8 490 0.25 1960
Sites ID C/way 
Direction
Sections Asphalt thickness Sub-base thickness Section 
Length 
(m)
GPR 
recording 
interval 
(m)
Nr of 
points per 
interval
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Table 5.2  Probability distribution for pavement layer thickness for 
available sites 
Lane
Normal Lognormal Normal Lognormal
M01 L1 CW A 9 9
M01 L1 CW B 9 9
M01 L1 CW D 9 9
M01 L1 CW E 9 9
M01 L1 CW F 9 9
M01 L1 CW G 9 9
M01 L1 CW H 9 9
M01 L1 ACW A 9 9
M01 L1 ACW B 9 9
M01 L1 ACW D 9 9
M01 L1 ACW E 9 9
M01 L1 ACW F 9 9
M01 L1 ACW G 9 9
M01 L1 ACW H 9 9
M02 Hardshoulder NB 9 9
M02 Hardshoulder SB 9 9
M03 Hardshoulder SB A 9 9
M03 Hardshoulder SB B 9 9
M03 Hardshoulder SB C 9 9
M03 Hardshoulder SB D 9 9
M04 L1 SB A 9 9
M04 L1 SB B 9 9
M04 L1 SB C 9 9
M04 L1 SB D 9 9
M05 L1 CW A 9 9
M05 L1 CW B 9 9
M05 L1 CW C 9 9
M05 L1 CW D 9 9
M05 L1 CW E 9 9
M05 L1 CW F 9 9
M05 L1 ACW A 9 9
M05 L1 ACW B 9 9
M05 L1 ACW C 9 9
M05 L1 ACW D 9 9
M05 L1 ACW E 9 9
M05 L1 ACW F 9 9
M06 L1 SB LS2-L1 9 9
M06 L1 SB LS2-L2 9 9
M06 L1 NB MN7 9 9
M06 L1 SB MS11 9 9
M06 L1 SB MS13A 9 9
M06 L1 SB MS13B 9 9
M07 L1 NB A 9 N/A N/A
M07 L1 NB B 9 N/A N/A
M07 L1 SB A 9 N/A N/A
M07 L1 SB B 9 N/A N/A
M08 L1 EB A 9 N/A N/A
M08 L1 EB B 9 N/A N/A
M08 L1 WB A 9 N/A N/A
M08 L1 WB B 9 N/A N/A
Probability Distribution 
for Sub-base layer 
thickness
Probability Distribution 
for Asphalt layer 
thickness
Sites ID C/way 
Direction
Sections
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It should be noted that site M01, in contrast to all the other sites, is a recently 
built motorway.  Therefore, the asphalt thickness data from the above scheme 
is more representative of currently achievable asphalt thickness variability 
compared to that from the other sites ± H[FOXGLQJWKHµWKLQ¶VLWHV± which have 
received a varying degree of overlay in the past.  
The average and range of Coefficient of Variation (COV) for the total asphalt 
and sub-base layer thickness of all sites is summarised in Table 5.3.  The table 
also reports the values for layer thickness variability found in the literature, 
which refer to data from American databases.  The layer thickness distribution 
is reported to have a normal probability distribution, see chapter 2. 
Table 5.3  Comparison between siteV¶FRHIILFLHQWRIYDULDWLRQIRUWKH
pavement layer thickness and literature review values 
 
The following observations can be made from Table 5.1 and Table 5.3 and 
from Appendix A1 and Appendix A2: 
x The total asphalt layer thickness probability distribution from the UK sites 
analysed can be assumed to be normal. 
x The granular sub-base layer thickness probability distribution from the UK 
sites analysed can also be assumed to be normal. 
x The range of values for the coefficient of variation relative to the asphalt 
layer thickness is small for M01 to M05 (from 2.2 to 13.5) while it is relatively 
large for M06 to M08 (from ~ 3.2 to ~27.0).  Particularly high values are 
observed for M07 and M08 which are thin pavement construction.  
All sites M01 only M01 to M05 M06 to M08 Noureldin et al. (1994)
Aguiar et al. 
(2009)
Bituminous 
Surface N/A N/A N/A N/A ± ±
Bituminous 
Binder Course N/A N/A N/A N/A ± ±
Bituminous Base N/A N/A N/A N/A N/A N/A
Total bituminous 
pavement ± 3.8 (2.9 - 6.1) 5.0 (2.2 - 13.5) 15.5 (3.2 - 27.0) N/A N/A
Granular Base N/A N/A N/A N/A ± ±
Granular 
Subbase ± ± ± ± ± N/A
Layer
Average Coefficient of Variation, COV, in %, and typical range in brackets
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x The range of values for the coefficient of variation relative to the granular 
sub-base layer thickness is large for all sites.   
x Motorway M01, representative of a recently built road with no maintenance 
treatment received as yet, shows a small COV for the asphalt layer 
compared to the other sites.  However, the COV for the sub-base layer 
thickness is considerably higher confirming that much of the construction 
control process focusses on the upper (bound) layers. 
x The range of values for the coefficient of variation of the sub-base layer 
thickness is generally wider and more variable (i.e., section to section 
variability) than that of the asphalt layer thickness.  
x The coefficient of variation for sites overlaid in the past varies substantially 
from site to site, indicating good to poor construction workmanship skills. 
x If extremely high section values for the COV relating to the asphalt layer 
are removed ± such as COVasphalt layer = 27.0 for section MS11 of M06 ± 
then the range of values for the coefficient of variation relating to the asphalt 
layer thickness for M01 to M06 varies from 2.2 to 17.0 with an average 
value of 5.7. 
x If extremely high section values for the COV relating to the sub-base layer 
is removed ± such as COVsub-base layer = 44.2 for section D of M04 ± then the 
range of values for the coefficient of variation relating to the sub-base layer 
thickness for M01 to M06 varies from 3.2 to 33.8 with an average value of 
17.1. 
x Despite the number of sites considered in the analysis being small 
compared to those considered in the USA, the COV for the asphalt and 
sub-base layer are broadly similar to those reported in the American 
literature, particularly if odd section values are removed as described 
above.   
Research assumption:  Total asphalt and granular sub-base layer thickness 
probability distribution is assumed to be normal. 
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5.4.3 Correlation between asphalt and sub-
base layer thickness 
For each section of the available sites, plots of the asphalt versus sub-base 
layer thickness were created, see Appendix A3.  Some graphs, in particular 
those referring to the hard shoulder or to sections that received an overlay 
treatment in the past, show a certain degree of correlation between the two 
GPR layer thickness measurements.  For new built roads (M01 only) 
correlation appears to be low.   
 
Figure 5.4  Asphalt versus sub-base thickness for 1km section 
(hardshoulder) of M01 
Figure 5.4 gives an example of a noticeable correlation between the asphalt 
and sub-base layer thickness for a 1km section of the hard shoulder of 
motorway M01.  The plot shows a negative slope, which means that when the 
sub-base layer is thin the asphalt layer is thick (and vice versa). 
Although some degree of correlation appears to exist between the asphalt and 
subbase layer thickness for some sections, overall the two thickness profiles 
can be considered uncorrelated.   
Research assumption:  the asphalt and the sub-base layer thicknesses are 
considered uncorrelated. 
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5.4.4 Construction tolerances 
Tolerances in surface levels of pavement courses are specified in the 
Highways Agency Specification for Highway Works (SHW), Series 700.  The 
standard Clause 702 contains a number of tolerances which allow the 
contractor to complete the construction of the pavement within a variation in 
thickness.  The section 700 tolerances can be interpreted to suggest that the 
following maximum and minimum layer thicknesses could remain within a 
contract compliant pavement, see Table 5.4. 
Table 5.4  Tolerances in surface levels of pavement courses (SHW, 
Series 700) 
Layer Tolerances  
Surface course ± 6mm 
Binder Course ± 6mm 
Base ± 15mm 
Total asphalt pavement -15mm 
Sub-base +10mm 
-30mm 
Capping +20mm 
-30mm 
&RQVWUXFWLRQ WROHUDQFHV DUH DOUHDG\ WDNHQ LQWR DFFRXQW LQ WKH VWDQGDUGV¶
design charts relative to the pavement thickness.  Construction tolerances are 
particularly important when a pavement analytical design is carried out.  
Although design thickness proposals derived by analytical design should make 
allowance for construction tolerances, experience suggests that sometimes 
this is not the case.  The analytical design method, if not conducted correctly, 
could lead to the design of pavement structures that are not sufficiently thick 
to withstand the design traffic loading.  For example, if the result of an 
analytical design is a binder course 100mm thick, the same design should be 
checked for a 94mm binder course thickness to account for the construction 
tolerance expected for that layer (±6mm).  
This study aims to see how variable the layer thickness is when a pavement is 
built.  A review of the tolerances aims to show how well/badly built a pavement 
is.  Sections of roads that are built thinner than the design thickness are more 
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likely to be weak and to deteriorate quicker when compared to pavements built 
within the correct construction tolerances.   
The following section explains the relationship between the standard deviation 
of the asphalt and subbase layer thickness and the construction tolerance, for 
a 3-layer pavement structure (i.e., asphalt on top of subbase on top of 
subgrade).  The calculations assumed that the layer thickness could be 
approximated by the normal distribution.   
The Lower Specification Limit for the total asphalt layer thickness is the 
designed minimum thickness allowed, below which only a small percentage of 
the pavement is acceptable.  The upper tolerance for the total asphalt 
thickness is not subject to any restriction although an excessive thickness is 
not expected. 
The percentage of the constructed asphalt layer above the designed minimum 
thickness is D, where D is determined from the standard normal distribution 
tables as follows (see Figure 5.5): 
ܲ ቆܼ ൒ ܮܵܮ௔ െ ߤ௖ೌߪ௧ೌ ቇ ൌ ߙ (5.1)  
Where: ߤ௖ೌ is the mean thickness of the constructed asphalt layer  ܮܵܮ௔  is the designed minimum thickness, i.e. the design thickness minus 
15mm  ߪ௧ೌ is the standard deviation of the asphalt layer. 
Assuming independence between the asphalt and subbase surface profiles, 
the standard deviation of the asphalt thickness is estimated as follows: 
ߪ௧ೌ ൌ ටߪ௦௨ଶ ൅ ߪ௦௕ଶ  (5.2) 
 
where ߪ௦௨  and ߪ௦௕  are the standard deviations of the asphalt surface level 
departures and subbase surface level departures respectively.  Surface level 
departures measure the difference between the constructed height of the 
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pavement and the design height of the pavement, in other words measure the 
error of the construction process.  According to Bissell (as cited in Ollis 1997), 
when a process is under control, statistical theory suggests that the errors are 
randomly and normally distributed about a mean value.  Therefore, the surface 
level departures are assumed to be error measurements and normally 
distributed (Ollis 1997).   
 
Figure 5.5  Lower tolerance range for total asphalt layer thickness 
If the asphalt mean was exactly on target (i.e. the design value), the maximum 
value of the standard deviation, for which the probability of a thickness 
measurement ± for the total asphalt thickness layer ± being above the 
standardV¶ requirement is, for example, 95%, can be calculated with eq. (5.1) 
as follows: 
P (x  LSLa) = 0.95 ܲ ቆܼ ൒ ܮܵܮ௔ െ ߤௗ௔ߪ௧ೌ ቇ ൌ  ?Ǥ ? ? ܲ ቆܼ ൒ ߤௗ௔ െ  ? ?െ ߤௗ௔ߪ௧ೌ ቇ ൌ  ?Ǥ ? ? 
Z = -1.65; and ߪ௧ೌ= 9.11mm 
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Figure 5.6  Upper and lower tolerance range for sub-base layer 
thickness 
Similarly, the percentage of the constructed subbase layer between the upper 
and lower specification limits is D%, where D is determined from the standard 
normal distribution tables as follows (see Figure 5.6): 
ܲ ቆܮܵܮ௦௕ െ ߤ௖ೞ್ߪ௧ೞ್ ൏ ܼ ൏ ܷܵܮ௦௕ െ ߤ௖ೞ್ߪ௧ೞ್ ቇ ൌ ߙ (5.3) 
Where: ߤ௖ೞ್ is the mean thickness of the constructed subbase layer  ܮܵܮ௦௕ is the lower specification limit for the subbase layer. ߪ௧ೞ್ is the standard deviation of the subbase layer. 
Assuming independence between the subgrade and subbase surface profiles, 
the standard deviation of the subbase thickness is estimated as follows: 
ߪ௧ೞ್ ൌ ටߪ௦௚ଶ ൅ ߪ௦௕ଶ  (5.4) 
 
where ߪ௦௚ and ߪ௦௕ are the standard deviations of the subgrade surface level 
departures and subbase surface level departures respectively.  If the subbase 
mean was exactly on target (i.e. the design value), the maximum value of the 
standard deviation, for which the probability of a thickness measurement ± for 
the subbase thickness layer ± being between WKHVWDQGDUGV¶UHTXLUHPHQW is, 
for example, 95%, was calculated with eq. (5.3) as follows: 
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P (LSLsb<x<USLsb) = 0.95 ܲ ቆߤௗೞ್ െ  ? ?െ ߤௗೞ್ߪௗ௦௕ ൏ ܼ ൏ ߤௗೞ್ ൅  ? ?െ ߤௗೞ್ߪௗ௦௕ ቇ ൌ  ?Ǥ ? ? 
After a few iterations, by selecting V= 6.08mm, then: 
P (-4.94<Z<1.65) = 0.4999+0.4505 ~ 0.95 
Appendix A3 provides an example of construction tolerances applied to the 
available sites.  Only for motorway M01 (the only new build site available) the 
design thickness is known and, therefore, only for motorway M01 is it possible 
to see how well or badly the construction tolerances were applied.  For M01 
site the design thickness is 0.260m for the asphalt layer and 0.150m for the 
sub-base layer.  Table 5.5 shows the results of applying eq. (5.1) and (5.3) to 
the sections of the M01 site.  Graphs in Appendix A3 show the mean, lower 
and upper limits for both the design and as-built asphalt and sub-base layer 
thickness.  It can be noted that the asphalt layer thickness is generally more 
controlled compared to the subbase layer thickness.  All sections appear to 
show a large number of points relative to the subbase thickness which are well 
outside the permitted construction tolerances for that layer (+10mm -30mm).   
Graphs relative to the other sites, which have all been overlaid in the past, are 
shown to illustrate the spread of the data when compared to new build sites. 
Table 5.5  Review of construction tolerances for site M01, assuming 
95% confidence 
 
Lane Asphalt tolerances Subbase tolerances
mean (m) stdev (m) COV (%) mean (m) stdev (m) COV (%) P(Ta>0.245m) P(0.120m<Tsb<0.160m)
L1 CW A 0.279 0.010 3.4 0.171 0.036 20.8 100% 31%
L1 CW B 0.292 0.015 5.0 0.112 0.038 33.8 100% 31%
L1 CW D 0.268 0.010 3.5 0.133 0.015 11.6 99% 76%
L1 CW E 0.274 0.009 3.1 0.123 0.016 12.6 100% 58%
L1 CW F 0.274 0.008 3.0 0.130 0.016 12.0 100% 72%
L1 CW G 0.276 0.012 4.2 0.122 0.029 24.0 100% 43%
L1 CW H 0.266 0.016 6.1 0.133 0.020 14.9 90% 66%
L1 ACW A 0.278 0.008 2.9 0.164 0.026 16.0 100% 39%
L1 ACW B 0.276 0.008 2.9 0.129 0.014 10.5 100% 73%
L1 ACW D 0.280 0.012 4.3 0.157 0.025 16.0 100% 48%
L1 ACW E 0.274 0.009 3.2 0.133 0.018 13.3 100% 70%
L1 ACW F 0.269 0.011 4.1 0.129 0.018 13.6 98% 65%
L1 ACW G 0.271 0.011 4.1 0.146 0.017 11.8 99% 72%
L1 ACW H 0.268 0.011 3.9 0.132 0.016 12.2 99% 73%
C/way 
Direction
Sections Asphalt thickness Sub-base thickness
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5.5 Generation of random signals 
The research study will perform Monte Carlo simulations, by taking random 
samples of the input variables, and to evaluate the resulting distribution of 
probability of failure.  In order to carry out this activity it is necessary to 
generate random asphalt and sub-base thickness profiles which have similar 
frequency characteristics to the real case study profiles.   
A pavement surface displacement profile was generated from the equation 
given by Collop (1994) for single sided pavement surface profile spectra SZ(J): ܵ௓ሺߛሻ ൌ ܿ כ ߛି௪  (0 < J  (5.5) 
Where J is the wavenumber (cycles/m), w is the waviness ± with a typical value 
of 2.5 ± while c (in m1/2cycle3/2) was estimated from: ܿ ൎ  ?Ǥ ? ? ? ?ି଼ כ ሺܫܴܫሻଶ (5.6) 
where the International Roughness Index (IRI) is used to quantify the 
pavement surface roughness. 
For each 1km section of Motorway M01 (for which surface profile 
measurements were available), the following procedure was adopted to 
generate random asphalt and sub-base layer thickness displacement histories: 
x A one-dimensional random profile was generated by applying a set of 
UDQGRPSKDVHDQJOHVXQLIRUPO\GLVWULEXWHGEHWZHHQDQGʌWRDVHULHV
of coefficients derived from the desired direct spectral density (Cebon and 
Newland 1983, reported procedure below).  The corresponding series of 
spot heights ቄܼ௥ሺଵሻቅ at regular intervals along the section was obtained by 
taking the inverse discrete Fourier transform of the spectral coefficients.   
ቄܼ௥ሺଵሻቅ ൌ ෍ ඥܵ௞ כ ݁௜ቂఏೖሺభሻାଶగ௞௥ே ቃேିଵ௞ୀ଴  U «1-1) (5.7)  
Where ܵ௞ ൌ ଶగே୼ ܵሺߛ௞ሻ ܵሺߛ௞ሻ = the desired spectral density, calculated with eq. (5.5) and eq. (5.6) ߛ௞ ൌ ଶగ௞ே୼   = the spatial frequency (wavenumber) 
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ȟ ൌthe distance interval between successive ordinates of the surface profile; 
and ቄߠ௞ሺଵሻቅ = a series of independent random phase angles uniformly distributed 
between 0 and 2S. 
x With the above procedure three (uncorrelated) profiles were generated 
(see Figure 5.7): 
x Zsu, for the pavement surface; 
x Zsb, for the bottom of asphalt; and 
x Zsg, for the bottom of sub-base  
x The section average asphalt and sub-base layer thickness values were 
then added to the bottom of asphalt and bottom of sub-base profiles 
generated above.  This is because the profiles generated with the method 
described above are uncorrelated random zero mean variables with 
Gaussian (normal) probability distribution and with a certain standard 
deviation. 
x For motorway M01 the real IRI surface value was calculated for each 
section from supplied profile measurements using the ProVAL software 
(FHWA).  The profile measurement data points (collected every 0.1m) were 
averaged to have the same number of data points as those from the GPR 
data (collected every 0.5m).  The IRI values for the bottom of asphalt and 
sub-base profiles were instead calculated iteratively in the following way.  
First, a value representative of the bottom of asphalt profile which gave the 
best match between the real and the artificial probability distributions of the 
asphalt layer thickness (see next bullet point) was calculated.  Once the IRI 
values of the pavement surface and bottom of asphalt profiles were fixed, 
the IRI relative to the bottom of sub-base was calculated.  The value that 
gave the best match between the real and the artificial probability 
distributions of the sub-base layer thickness was chosen. 
x The artificially generated asphalt and sub-base (granular) layer thicknesses 
were calculated by subtracting the relevant profiles, i.e.: 
x hasphalt = Zsb - Zsu 
  
 
Statistical characterisation of layer thickness variability Page 101  
 
x hgranular = Zsg - Zsb 
Results of the procedure described in the previous bullet points are depicted 
in Figure 5.8 to Figure 5.14 for section B of the M01 motorway, Anti-Clockwise 
direction. 
 
Figure 5.7  Schematic explanation of random signals generation 
 
Figure 5.8  Random generated profiles  
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Figure 5.9  Spectral density of generated profiles and real surface 
profile 
 
Figure 5.10  Comparison between real (from GPR data) and artificially 
generated (from profile) layer thicknesses 
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Figure 5.11  Match between the real and the artificial probability 
distributions of the asphalt layer thickness 
 
 
Figure 5.12  Match between the real and the artificial probability 
distributions of the sub-base layer thickness  
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Figure 5.13  Spectral density of real and artificial layer thicknesses 
 
Figure 5.14  Asphalt thickness versus sub-base thickness for both real 
and artificial data  
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A summary of the IRI values calculated by iteration for each section of 
motorway M01 is presented in Table 5.6.  
Table 5.6  Summary of IRI values calculated for each section of 
motorway M01 
 
5.6 Conclusions 
The importance of layer thickness variability both at design stage and during 
maintenance design has been discussed in this chapter.  As it will be explored 
more in detail in chapter 6, layer thickness variability is crucial for back-
calculated moduli and remaining life before overlay.   
A statistical analysis of the GPR data collected on each site has been 
presented in terms of mean, standard deviation, coefficient of variation and 
probability distribution.  Results show that the probability distribution for the 
layer thickness for the UK sites can be considered normal and the coefficient 
of variation is broadly similar to those reported in the American literature.  
Construction tolerances particular to UK standards have been discussed and 
the relationship between the standard deviation of the asphalt and subbase 
layer thickness and the construction tolerance, for a 3-layer pavement 
structure, has been shown. 
IRI (m/km) - 
Measured
Surface Profile 
(from profile 
measurements)
Bottom of 
asphalt               
Bottom of 
subbase             
A 35.0 36.0 1000 2.06 2.2 11.8
B 36.0 37.0 1000 2.28 4.5 9.8
C 37.0 38.0 1000 Piled raft section Piled raft section Piled raft section 
D 38.3 39.0 700 1.46 2.6 4.5
E 39.0 40.0 1000 1.46 2.3 4.5
F 40.0 41.0 1000 1.61 2.2 4.5
G 41.0 42.0 1000 1.63 3.5 8.5
H 42.0 43.0 1000 1.85 4.5 4.8
A 35.0 36.0 1000 1.8 1.9 8
B 36.0 37.0 1000 1.85 1.6 3.9
C 37.0 38.0 1000 Piled raft section Piled raft section Piled raft section 
D 38.4 39.0 600 1.82 3.5 7.5
E 39.0 40.0 1000 1.68 2.2 5
F 40.0 41.0 1000 1.58 3 3.8
G 41.0 42.0 1000 1.36 3.3 4.5
H 42.0 43.0 1000 1.49 3 4.3
Clockwise
Anti-Clockwise
Sections Direction From 
MP
To 
MP
Length 
(m)
IRI (m/km) - Calculated by 
iteration
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The generation of random signals for Monte Carlo simulations has been 
presented.  The methodology uses Fourier Analysis to generate random 
asphalt and sub-base thickness profiles which have similar frequency 
characteristics to the real case study profiles. 
The following research assumptions will be made in future analysis: 
x The total asphalt and granular sub-base layer thickness probability 
distribution is assumed to be normal. 
x The asphalt and the sub-base layer thicknesses are considered 
uncorrelated. 
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6 Statistical characterisation of 
asphalt stiffness modulus 
variability 
The stiffness of asphalt mixtures is of paramount importance in determining 
how well a pavement performs and is fundamental to the analysis of pavement 
response to traffic loading.  The determination of mixture stiffness is 
fundamental to the evaluation and design of asphalt pavements.  Mixture 
stiffness is necessary to evaluate the distribution of stresses and strains in 
asphalt pavements and has also been used to assess pavement damage.  In 
addition, mixture stiffness is increasingly being used in pavement design and 
as an indicator of mixture quality.  This chapter gives of an overview of 
common methods used in the UK to estimate asphalt stiffness and reviews the 
accuracy in back-calculation of pavement layer moduli. 
6.1 Background to the estimation of 
asphalt stiffness in the UK 
There are various laboratory tests that can be used to assess the stiffness 
moduli of asphaltic materials, including beam tests and uniaxial compression 
tests.  In the UK, the assessment of asphalt mixture stiffness from in-service 
pavements is normally carried out by laboratory tests (ITSM tests) and field 
measurements (FWD surveys).  This section aims to describe how asphalt 
stiffness can be assessed by the most popular methods. 
6.1.1 Determination the indirect tensile 
stiffness modulus (ITSM) 
Laboratory measurements of stiffness can be carried out in the Nottingham 
Asphalt Tester (NAT) or other similar type apparatus, in which the Indirect 
Tensile Stiffness Modulus (ITSM) test procedure is normally followed.  These 
tests are carried out under conditions where the elastic response of the 
material is dominant (i.e., at low temperature or short loading times) 
(Widyatmoko, 2002).   
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The Indirect Tensile Stiffness Modulus (ITSM) Test is a simple and rapid test 
method for measuring stiffness modulus of asphalt mixture which is the most 
important input for pavement design to obtain the structural behaviour in the 
road.  Stiffness modulus is dependent on a number of factors such as: asphalt 
mixture composition, binder grade and level of compaction as well as test 
conditions (temperature, loading time and the stress magnitude at elevated 
stress level). 
The principle of the ITSM test is that a cylindrical specimen is exposed to 
repeated sinusoidal compressive loads through the vertical diametral plane, 
which develops a relatively uniform tensile stress perpendicular to the direction 
of the applied load and along the vertical diametral plane.  The resulting 
horizontal deformation of the specimen is measured and an assumed 
3RLVVRQ¶V UDWLR LV XVHG WR FDOFXODWH WKH WHQVLOH VWUDLQ DW WKH FHQWUH RI WKH
specimen. 
According to EN 12697-26, stiffness modulus is calculated using 
measurements from the 5 load pulses using following formula: 
 
(6.1) 
Where: 
Sm = stiffness modulus (MPa) 
F = applied vertical load (N) 
Q  3RLVVRQ¶VUDWLR 
z = amplitude of the horizontal deformation (mm) 
h = thickness of the specimen (mm) 
The stiffness modulus (Sm) of asphalt samples determined in the ITSM test 
(see Figure 6.1) and according to EN 12697-26 is usually performed under the 
following conditions: 
x Test temperature 20 ± 0.5°C 
x Time of loading 124 ± 4ms 
x Interval between pulses: 3.0 ± 0.1s 
)*(
)27.0(*
hz
FSm
 Q
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x Number of load cycles 5 
 
Figure 6.1  ITSM Test 
6.1.2 Determination of asphalt stiffness 
through FWD back analysis 
The stiffness modulus of bituminous mixtures determined using the ITSM test 
is generally supported by field back-analysis. 
The Falling Weight Deflectometer (FWD) is a non-destructive test conducted 
to estimate the pavement material moduli.  The FWD generates a load pulse 
by dropping a weight on a damped spring system mounted on a loading plate 
as shown in Figure 6.2.  The falling mass, the spring system (rubber buffers), 
and drop height can each be adjusted to achieve the desired impact loading 
on the pavement.  Vertical deflection peaks are measured at the centre of the 
loading plate and at multiple radial positions by a series of deflection sensors 
(geophones).  7KHLPSXOVHORDGDFWLQJRQWKHSDYHPHQWFDXVHVD³ZDYHIURQW´
of recoverable deformations, or deflections, that spread out from the centre of 
the load.  Both the peak impulse load (force) and maximum vertical deflections 
RI WKH ³ZDYH IURQW´DUHPHDVXUHGDWPXOWLSOH UDGLDO GLVWDQFHV IURP WKH ORDG
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centre.  These deflections, considered as a function of the applied impulse 
load, provide an indication of the structural stiffness of the pavement. 
 
Figure 6.2  Dynatest FWD machine 
Deflection measurements from the FWD are used in a µback-calculation¶ 
procedure to determine pavement structural stiffness in terms of layer and 
subgrade moduli, as well as for strain analysis.  Computer programs using 
linear elastic multi-layered analysis can be used to model the pavement 
structure.  Essentially this analysis is based on a mathematical model of the 
pavement structure which predicts the surface deflection under a given applied 
ORDG$QLWHUDWLYHSURFHGXUHNQRZQDV³EDFN-DQDO\VLV´LVXVHGWRPDWFKWKH
computed deflections to the measured values.  The layer stiffnesses are 
adjusted in this process until a reasonable match is obtained (HD 29, DMRB 
Volume 7).  One of the most used backcalculation software packages in the 
UK is MODULUS. 
In order for the back-analysis to give reliable estimates of the in-situ asphalt 
stiffness modulus, it is essential to use accurate pavement layer thickness 
information as an input parameter to the software used for the back-analysis.  
Underestimating the thickness of bound layers will generally result in an over-
estimate of the stiffness of that layer and overestimating bound layer thickness 
will similarly result in an under-estimate of the stiffness of that layer.  For 
example, a 15 per cent underestimate of the thickness of a bound layer can 
result in a fifty per cent overestimate of the stiffness of that layer (HD 29, DMRB 
Volume 7).  See also section 2.6 for impact of GPR layer thickness errors on 
data analysis, such as in FWD backanalysis. 
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6.1.3 Comparing FWD Stiffnesses with ITSM 
(HD 30, DMRB Volume 7)  
Thom et al. (1997) performed an extensive study on the comparison between 
laboratory and in-situ determined asphalt concrete moduli.  The main 
difference between the two devices is the loading rate.  An FWD typically 
delivers a load pulse with a rise time of around 10-15 msecs, compared with 
the standard rise time used in the ITSM test in the UK of 124 msecs.  As the 
stiffness of asphalt is loading-time dependent, the shorter pulse of the FWD 
results in stiffnesses greater than ITSM values.  According to Van der Poel (as 
cited in Thom et al. 1997) the ratio between the two stiffness moduli is a factor 
of about 1.8.  Other sources such as Clause 6.36 in HD 30/08 (reported here), 
VXJJHVW WKDW ³As an approximate guide, ITSM values at 20°C should be 
multiplied by 1.5 when comparing with FWD-derived asphalt layer stiffnesses 
at 20°C.  However, depending on the type and age of the asphalt material this 
factor has been found to vary between 1.0 and 2.4.  Therefore, although the 
ITSM values can indicate the in situ layer stiffness, core data will be needed in 
all cases to determine the causes of any low values.´ 
Besides a loading rate correction, a temperature correction is also carried out. 
While ITSM tests are usually carried out at a controlled temperature, for 
example 20ºC, FWD tests are carried out at site temperature.  Temperature 
corrections are applied to FWD back-calculated asphalt layer moduli to the 
standard temperature of 20ºC.  Thom et al. (1997) concluded that both 
laboratory and in-situ determination of stiffness modulus should be used to 
perform a full pavement evaluation.  They also stressed the importance of the 
corrections to be made, for both temperature and loading rate, which have to 
consider the true condition of the material, rather than simply applying 
formulae.  Finally, they suggested that around 6 tests ± on nominally 
homogenous material ± will give a sufficiently good indication of the moduli 
applicable. 
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6.2 Accuracy in back-calculation of 
pavement layer moduli 
This section reports the results of the study into the effect of three major 
sources of errors on the back-calculated pavement layer moduli: 
x Pavement thickness errors 
x Random deflection errors 
x Error due to the limited number of data points 
It should be noted that the present research aims to assess the impact of the 
above errors on the back-calculated asphalt layer modulus only.   
6.2.1 Effect of pavement thickness errors on 
back-calculated moduli 
It is essential that accurate and reliable thickness information is obtained prior 
to performing a back-analysis, see section 2.6.3 for impact of GPR layer 
thickness errors on data analysis, such as in FWD backanalysis.   
Collop (2000) presented a model for statistically correct asphalt layer stiffness 
moduli determined from the FWD test to account for asphalt layer thickness 
variations.   
Equation (9) and Equation (10) given in the reference (Collop, 2000) were used 
to predict the FWD stiffness modulus mean error and the FWD stiffness 
modulus standard deviation error respectively.  Both equations are reported 
below: 
 
(6.2) 
Eq. (9), Collop 2000 
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(6.3) 
Eq. (10), Collop 2000 
Where: 
 
Equation (9) allows an estimate of the FWD stiffness modulus mean error in 
terms of the asphalt layer thickness variability about a mean level ቀ௛బ௛ഥ ቁand a 
measure of the error in the mean asphalt layer thickness ቀఙ౴೓௛ഥ ቁ, the latter 
variable being the most important.  
Equation (10) allows the estimate of the FWD stiffness modulus standard 
deviation error in terms of the asphalt layer thickness variability about a mean 
level ቀఙ౴೓௛ഥ ቁ, a measure of the error in the mean asphalt layer thickness ቀ௛బ௛ഥ ቁ, 
and the asphalt stiffness modulus variability ቀఙ౴೓ாത ቁ. 
For example, equations (9) and (10) were applied to two sections of the M01 
where FWD deflection data was collected every 20m and GPR data every 
P7KH+$¶V02'8/86VRIWZDUHZDVXVHGWRSHUIRUPWKHEDFN-analysis.  
The pavement was modelled as a 2-layer structure, with 260mm of asphalt 
(i.e. the design thickness) on top of an Equivalent Foundation Modulus (EFM) 
(i.e. combined granular and subgrade stiffness) of 100MPa.  The true asphalt 
layer thickness used in the analysis is that derived from averaging the GPR 
measurements over the length of the section.  
The results are shown in Table 6.1 and Table 6.2. 
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Table 6.1  Application of equation (9) (Collop, 2000) to two sections of 
motorway M01 
 
Table 6.2  Application of equation (10) (Collop, 2000) to two sections of 
motorway M01 
 
For example, for section A of motorway M01 it can be seen that a 7% error in 
the assumption of the mean asphalt layer thickness results in a FWD stiffness 
modulus mean error of approximately 17% and a FWD stiffness modulus 
standard deviation error of approximately 19%. 
6.2.1.1 $XWKRU·VUHYLVLRQRIHTXDWLRQLQ&ROORS
(2000) 
It was noted ± while performing calculations with real site data ± that eq.10 in 
Collop (2000) sometimes returns an error value.  This essentially happens 
when the ratio ఙಶಷೈವఓಶಷೈವ  is very small.  To assess this problem the author 
calculated what the minimum value of the ratio ఙಶಷೈವఓಶಷೈವ needs to be in order for 
the ratioఙ౴ಶாത  to exist.   
The following procedure has been adopted.  Firstly, eq. 10 has been re-written 
expressing ߪ୼ா as a function ofߪாಷೈವ, ܧതǡm, ఙ౴೓௛ഥ , and ௛బ௛ഥ . 
This leads to the following two equations which need to be satisfied: 
                                                                                                     (always true) 
Where m = 2.3, c =        and d =      . 
Section From 
(MP)
To 
(MP)
FWD stiffness modulus mean 
error
A, Clockwise 35.0 36.0 0.260 0.279 0.019 2.3 0.07 0.04 1.17 17% 6646 5665
B, Clockwise 36.0 37.0 0.260 0.292 0.032 2.3 0.12 0.06 1.31 31% 5235 3998
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standard deviation 
error
A, Clockwise 35.0 36.0 2.3 0.07 0.04 2579 0.46 2.20 1.19 19% 3075 0.46
B, Clockwise 36.0 37.0 2.3 0.12 0.06 1839 0.46 2.17 1.35 35% 2483 0.47
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This is how the minimum value of ߪாಷೈವ has been calculated, hence the ratio ఙಶಷೈವఓಶಷೈವ. 
A large number of combinations has been considered (total of 20402) with: 
x ఙ౴೓௛ഥ = 0 to 1 with 0.01 step increment 
x ௛బ௛ഥ  = 0 to 1 with 0.01 step increment 
In general, for eq. 10 to exist, ߪாಷೈವ ఙ౴ಶாത !DQG^DUJ` )URP&ROlop 
(2000) it appears that the minimum value for ߪ୼ா is 0.01.  
An extreme situation is when ఙ౴೓௛ഥ  = 0 and ௛బ௛ഥ  = 0, for which ߪாಷೈವ = ߪ୼ா > 0. 
It is recommended that the minimum value for ఙಶಷೈವఓಶಷೈವ.is 0.01. 
The results of the analysis are shown in Figure 6.3 and Figure 6.4. 
 
Figure 6.3  Minimum values of ࣌ࡱࡲࢃࡰࣆࡱࡲࢃࡰ. for combinations of ࣌ઢࢎࢎഥ and ࢎ૙ࢎഥ  
Figure 6.4 shows a larger view of the surface presented in Figure 6.3 in the 
critical area, i.e. typically when thickness variations are very low (<=0.1).   
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For example, for ௛బ௛ഥ  = 0.08 and ఙ౴೓௛ഥ = 0.01 with real site data the ratio ఙಶಷೈವఓಶಷೈವwas 
equal to 0.01.  Based on the analysis, the ratio ఙಶಷೈವఓಶಷೈವ must be >=0.03.  In other 
words, ߪாಷೈವ is too small compared to what would be calculated by taking into 
account the layer thickness variation ఙ౴೓௛ഥ .  The true asphalt stiffness variation ߪ୼ா is, therefore, very small.   
It should be noted that these anomalies have been encountered only on very 
few instances and on short sections. 
 
Figure 6.4  Minimum values of ࣌ࡱࡲࢃࡰࣆࡱࡲࢃࡰ when ࣌ઢࢎࢎഥ and ࢎ૙ࢎഥ are <=0.1 
6.2.2 Effect of random errors from deflection 
measurements on back-calculated 
moduli 
The accuracy of the backcalculation procedure is affected by factors such as 
the inaccuracies in FWD deflection measurements, deflection data calibration 
and temperature variation, algorithm issues in the back-calculation procedure 
and inaccurate thickness input.  
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Sangghaleh et al. (2013) investigated the effect of measurement errors on the 
back-calculation by using an improved genetic algorithm capable of back-
calculating the elastic modulus and thickness simultaneously.  In their analysis 
both a systematic and random error (i.e., both components of the 
measurement error, see next section) were added to the measured deflection 
at sensor i.  For the 2-layer structure considered in the simulation ± and 
considering the commonly used goodness of fit function represented by the 
root mean square ± the relative error in the back-analysed moduli and 
coefficient of variation are: 
x Back-analysed asphalt modulus: 2.54% error (from comparing the 
backcalculated moduli to the theoretical value without the measurement 
error) when only random error is considered; 0.20% error when only 
systematic error is considered; 2.81% error when random and systematic 
error are considered. 
x Back-analysed subgrade modulus: 0.00% error when only random error is 
considered; 0.20% error when only systematic error is considered; 0.22% 
error when random and systematic error are considered. 
x The above errors are considerably reduced when their improved genetic 
algorithm is employed. 
6.2.2.1 Sources of error in deflection measurement 
For a pulse-loading deflectometer there are three basic sources of errors in 
the deflection readings: 
x Seating errors 
x Systematic errors 
x Repeatability (or random) errors. 
All three of these errors must be minimised in order to yield the most accurate 
moduli from the deflection data.  Research conducted by Irwin et al. (1989) has 
shown that: 
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x For the FWD, deflection measurement errors due to seating effects can be 
minimised by making at least two drops of the mass before recording test 
data. 
x For all deflectometers, a calibration procedure should be performed every 
6 to 12 months to minimise systematic errors. 
x To minimise the effect of the repeatability error on the measured 
deflections, multiple drops of the weight should be made from the same 
height at the same location.  
This research study has assessed the impact of the repeatability, or random, 
error only on back-calculated layer moduli.  Typical FWD specifications state 
that "Deflections shall be accurate to ±2 percent or ±2 microns, whichever is 
larger." 
x The ±2 micron (standard deviation) error is a random error, independent of 
the magnitude of the deflection; 
x The ±2 percent error is a systematic error. 
Figure 6.5 explains the concepts of systematic and random errors.  The 
systematic error is the difference between the mean measured value of a 
deflection and the absolute correct deflection value.  The random error is the 
scatter around the mean value.  
 
Figure 6.5  Random and systematic deflection measurements errors 
(figure taken from Irwin, 2009) 
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6.2.2.2 Methodology used for the analysis and 
results 
A similar exercise to that conducted by Irwin et al. (1989) was carried out to 
assess the impact of the random error on back-calculated layer moduli.  The 
analysis consisted of the following steps: 
1. Assumed pavement structures and calculation of deflection bowl 
The pavement sections used in the analysis are shown in Table 6.3 to Table 
6.5.  Pavement structure 1 denotes the controlled sections where the 
deflection bowls were calculated with BISAR.  Deflections were calculated at 
0, 300, 600, 900, 1200, 1500 and 2100mm geophones distances from the 
centre of the plate, for a 50kN load on a 0.300mm diameter plate.  Pavement 
structures 2 and 3 are essentially the same system.  However, pavement 2 
has been modelled as a 2-layer pavement system and pavement 3 as a 3-
layer structure. For these 2 structures real deflection bowls were used for the 
analysis.  Section 1 can be thought of aVDµVWLII¶VHFWLRQLHORZGHIOHFWLRQV
ZKLOHVHFWLRQFDQEHUHJDUGHGDVDµVRIW¶VHFWLRQLHKLJKGHIOHFWLRQV7KH
deflection bowls are shown in Table 6.6 and Table 6.7.  The layer stiffnesses 
for pavement structures 2 and 3 are those back-calculated from the original 
deflections (i.e. without the effect of random errors). 
Table 6.3  Pavement structure 1 (controlled sections) 
 
Table 6.4  Pavement structure 2 (2-layer structure) 
Section A B C D E
Bound Layer Thickness (m) 0.100 0.200 0.300 0.400 0.500
Asphalt stiffness (MPa) 3100 3100 3100 3100 3100
Poisson's ratio for bound layer 0.35 0.35 0.35 0.35 0.35
Equivalent Foundation Modulus EFM (MPa) 100 100 100 100 100
Poisson's ratio for EFM 0.45 0.45 0.45 0.45 0.45
Section 1 2
Bound Layer Thickness (m) 0.260 0.260
Asphalt stiffness (MPa) 8584 1170
Poisson's ratio for bound layer 0.350 0.350
Equivalent Foundation Modulus EFM (MPa) 256 149
Poisson's ratio for EFM 0.45 0.45
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Table 6.5  Pavement structure 3 (3-layer structure) 
 
Table 6.6  Pavement structure 1, Deflection bowl calculated with BISAR 
 
Table 6.7  Pavement structures 2 & 3, real deflection bowl 
 
2. First simulation ± generation of 30 deflection bowls 
A normally distributed random number generator technique ± with a mean of 
zero and a standard deviation of 2 ± was used to generate deflection bowls by 
adding or subtracting a random portion of the standard deviation to the 
theoretically calculated deflections, see Table 6.6 and Table 6.7 respectively.  
After algebraically adding a different random error (positive or negative) to the 
calculated deflection for each sensor, the result was rounded to the nearest 
whole micron.  In the first simulation, 30 deflection bowls were generated using 
the randomised process described above to simulate 30 tests conducted on a 
hypothetical pavement.  The first simulation aimed to simulate 30 tests 
conducted at 30 different points on a perfectly homogeneous pavement having 
Section 1 2
Bound Layer Thickness (m) 0.260 0.260
Asphalt stiffness (MPa) 8098 1527
Poisson's ratio for bound layer 0.35 0.35
Sub-base thickness (m) 0.350 0.350
Sub-base stiffness (MPa) 306 78
Poisson's ratio for sub-base 0.4 0.4
Subgrade stiffness (MPa) 255 170
Poisson's ratio for subgrade 0.45 0.45
0 300 600 900 1200 1500 2100
d0 d1 d2 d3 d4 d5 d6
A 803 472 236 145 106 84 60
B 464 347 237 163 117 89 61
C 334 263 205 158 123 97 65
D 267 210 175 144 119 98 68
E 226 175 151 130 111 95 70
Sections Distance from centre of plate (mm)
Deflections (microns)
0 300 600 900 1200 1500 2100
d0 d1 d2 d3 d4 d5 d6
1 143 113 84 63 48 38 26
2 426 281 168 106 70 52 37
Sections
Deflections (microns)
Distance from centre of plate (mm)
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the material properties and layer thicknesses given in Table 6.3 to Table 6.5.  
Every repetition is, therefore, made of 30 cases each.  The test was repeated 
 WLPHV UHIHUUHG ODWHU DV µUHSHWLWLRQ¶ IRU HDFK VHFWLRQ  5HVXOWV RI WKH ILUVW
simulation are shown in Table 6.8 to Table 6.10, for the back-calculated 
asphalt modulus and in Table 6.12 to Table 6.14 for the other layers. ܧത is the 
µWUXH¶ modulus, while ߤாಷೈವ and ߪாಷೈವ  are the mean layer back-calculated 
stiffness and standard deviation respectively. 
The results of the first simulation suggest that: 
x The effect of the random error on the mean back-calculated asphalt 
stiffness modulus is very low.  The ratio ఓಶಷೈವாത  is close to 1 in almost all 
sections of the considered pavement structures. 
x The effect of the random error on the mean back-calculated Equivalent 
Foundation Modulus and subgrade stiffness modulus is also negligible. 
x The effect of the random error on the mean back-calculated sub-base 
stiffness modulus is noticeable.  For pavement structure 3 (3-layer system), 
section 1, the ratio ఓಶಷೈವாത  varies from ~0.90 to ~1.07 showing an error of 
approximately ±10%. 
x The effect of the random error on the standard deviation of the back-
calculated asphalt stiffness modulus ± and assessed in terms of the 
coefficient of variation ఙಶಷೈವఓಶಷೈವ  is low for pavement structure 1 (controlled 
sections) and pavement structure 2 (2-layer system).  However, the 
coefficient of variation was found to be as high as 15% for pavement 
structure 3 (3-layer system), section 1. 
x The effect of the random error on the standard deviation of the back-
calculated Equivalent Foundation Modulus and subgrade stiffness modulus 
is low. 
x The effect of the random error on the standard deviation of the back-
calculated sub-base stiffness modulus is noticeable.  The coefficient of 
variation was found as high as ~40% for pavement structure 3 (3-layer 
system), section 1.  
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Table 6.8  Effect of random deflection measurement error on back-
calculated asphalt modulus on pavement structure 1 ± single drop per 
case 
 
Table 6.9  Effect of random deflection measurement error on back-
calculated asphalt modulus on pavement structure 2 ± single drop per 
case 
 
Sec Repetition
1 1.022 3168 3100 50 0.016
2 1.029 3189 3100 42 0.013
3 1.025 3178 3100 55 0.017
4 1.028 3186 3100 46 0.014
5 1.028 3188 3100 42 0.013
1 0.989 3065 3100 55 0.018
2 0.991 3071 3100 43 0.014
3 0.992 3074 3100 57 0.019
4 0.991 3072 3100 51 0.016
5 0.997 3090 3100 55 0.018
1 1.000 3100 3100 69 0.022
2 0.999 3096 3100 51 0.016
3 1.004 3112 3100 69 0.022
4 1.000 3100 3100 60 0.019
5 1.010 3130 3100 67 0.021
1 1.006 3118 3100 82 0.026
2 1.003 3111 3100 56 0.018
3 1.008 3124 3100 77 0.025
4 1.003 3110 3100 72 0.023
5 1.017 3152 3100 81 0.026
1 1.001 3103 3100 90 0.029
2 0.996 3086 3100 65 0.021
3 1.003 3110 3100 84 0.027
4 0.999 3096 3100 78 0.025
5 1.014 3142 3100 92 0.029
A
B
C
D
E
FWDE
P E FWDEV
FWD
FWD
E
E
P
V
E
FWDE
P
Sec Repetition
1 1.003 8605 8584 458 0.053
2 0.998 8563 8584 317 0.037
3 1.004 8621 8584 454 0.053
4 0.999 8577 8584 406 0.047
5 1.024 8787 8584 474 0.054
1 0.999 1169 1170 21 0.018
2 1.001 1171 1170 15 0.013
3 1.003 1174 1170 21 0.018
4 1.002 1172 1170 18 0.015
5 1.007 1178 1170 20 0.017
1
2
FWDE
P E FWDEV
FWD
FWD
E
E
P
V
E
FWDE
P
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Table 6.10  Effect of random deflection measurement error on back-
calculated asphalt modulus on pavement structure 3 ± single drop per 
case 
 
Table 6.11  Effect of random deflection measurement error on back-
calculated Equivalent Foundation Modulus (EFM) on pavement 
structure 1 ± single drop per case 
Sec Repetition
1 0.989 8005 8098 1002 0.125
2 1.052 8517 8098 1164 0.137
3 1.011 8187 8098 1250 0.153
4 1.021 8271 8098 700 0.085
5 1.016 8228 8098 730 0.089
1 0.998 1525 1527 44 0.029
2 1.013 1547 1527 49 0.032
3 1.005 1534 1527 56 0.036
4 1.008 1540 1527 31 0.020
5 1.005 1535 1527 33 0.021
1
2
FWDE
P E FWDEV
FWD
FWD
E
E
P
V
E
FWDE
P
Sec Repetition
1 1.001 100 100 0 0.004
2 0.999 100 100 0 0.005
3 1.001 100 100 0 0.004
4 0.999 100 100 0 0.005
5 1.000 100 100 0 0.004
1 1.004 100 100 0 0.004
2 1.000 100 100 0 0.004
3 1.002 100 100 0 0.004
4 1.000 100 100 0 0.004
5 1.000 100 100 0 0.004
1 1.004 100 100 0 0.004
2 0.999 100 100 0 0.005
3 1.002 100 100 0 0.004
4 1.001 100 100 0 0.004
5 1.001 100 100 0 0.004
1 1.005 101 100 0 0.004
2 1.001 100 100 0 0.004
3 1.003 100 100 0 0.004
4 1.003 100 100 0 0.004
5 1.002 100 100 0 0.004
1 1.003 100 100 0 0.004
2 1.000 100 100 0 0.004
3 1.001 100 100 0 0.004
4 1.002 100 100 0 0.004
5 1.000 100 100 0 0.004
D
E
A
B
C
FWDE
P E FWDEV
FWD
FWD
E
E
P
V
E
FWDE
P
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Table 6.12  Effect of random deflection measurement error on back-
calculated EFM on pavement structure 2 ± single drop per case 
 
Table 6.13  Effect of random deflection measurement error on back-
calculated sub-base modulus on pavement structure 3 ± single drop per 
case 
 
Table 6.14  Effect of random deflection measurement error on back-
calculated subgrade modulus on pavement structure 3 ± single drop 
per case 
Sec Repetition
1 1.003 257 256 5 0.019
2 0.996 255 256 4 0.015
3 1.001 256 256 5 0.018
4 1.000 256 256 4 0.015
5 0.997 255 256 4 0.015
1 1.000 149 149 2 0.011
2 0.996 148 149 1 0.009
3 0.998 149 149 2 0.010
4 0.998 149 149 1 0.009
5 0.996 148 149 1 0.008
1
2
FWDE
P E FWDEV
FWD
FWD
E
E
P
V
E
FWDE
P
Sec Repetition
1 1.073 328 306 107 0.327
2 0.897 274 306 95 0.348
3 1.036 317 306 123 0.389
4 0.946 290 306 62 0.215
5 1.031 316 306 81 0.257
1 1.012 79 78 6 0.078
2 0.977 76 78 6 0.074
3 1.001 78 78 7 0.091
4 0.986 77 78 4 0.052
5 1.008 79 78 5 0.063
1
2
FWDE
P E FWDEV
FWD
FWD
E
E
P
V
E
FWDE
P
Sec Repetition
1 1.008 257 255 15 0.058
2 1.027 262 255 23 0.086
3 1.017 259 255 20 0.076
4 1.011 258 255 10 0.038
5 0.998 254 255 11 0.042
1 1.004 171 170 4 0.025
2 1.007 171 170 4 0.024
3 1.005 171 170 5 0.028
4 1.006 171 170 3 0.018
5 1.000 170 170 3 0.019
1
2
FWDE
P E FWDEV
FWD
FWD
E
E
P
V
E
FWDE
P
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3. Second simulation ± average of three drops per case  
In the second simulation, sets of three successive deflection bowls (simulating 
three drops of the FWD at ten different points on a perfectly homogeneous 
pavement) were averaged.  Results of the second simulation are shown in 
Table 6.15 to Table 6.17, for the back-calculated asphalt modulus and in Table 
6.18 to Table 6.21 for the other layers. 
Table 6.15  Effect of random deflection measurement error on back-
calculated asphalt modulus on pavement structure 1 ± average of three 
drops per case 
 
Sec Repetition
1 1.022 3167 3100 29 0.009
2 1.028 3188 3100 26 0.008
3 1.024 3176 3100 32 0.010
4 1.027 3185 3100 28 0.009
5 1.028 3187 3100 17 0.005
1 0.990 3068 3100 42 0.014
2 0.991 3071 3100 24 0.008
3 0.993 3079 3100 30 0.010
4 0.990 3069 3100 35 0.011
5 0.997 3090 3100 30 0.010
1 0.999 3097 3100 51 0.016
2 1.000 3100 3100 24 0.008
3 1.003 3109 3100 40 0.013
4 0.999 3097 3100 43 0.014
5 1.011 3135 3100 29 0.009
1 1.005 3117 3100 61 0.020
2 1.003 3109 3100 25 0.008
3 1.008 3126 3100 45 0.014
4 1.004 3112 3100 50 0.016
5 1.016 3151 3100 38 0.012
1 0.999 3097 3100 71 0.023
2 0.998 3093 3100 32 0.010
3 1.004 3112 3100 52 0.017
4 1.001 3103 3100 57 0.018
5 1.013 3141 3100 47 0.015
A
B
C
D
E
FWDE
P E FWDEV
FWD
FWD
E
E
P
V
E
FWDE
P
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Table 6.16  Effect of random deflection measurement error on back-
calculated asphalt modulus on pavement structure 2 ± average of three 
drops per case 
 
Table 6.17  Effect of random deflection measurement error on back-
calculated asphalt modulus on pavement structure 3 ± average of three 
drops per case 
 
Sec Repetition
1 1.007 8643 8584 349 0.040
2 0.998 8568 8584 146 0.017
3 1.007 8644 8584 249 0.029
4 0.999 8579 8584 279 0.033
5 1.022 8772 8584 225 0.026
1 1.000 1170 1170 16 0.013
2 1.002 1173 1170 8 0.007
3 1.003 1173 1170 10 0.009
4 1.001 1171 1170 12 0.010
5 1.004 1174 1170 10 0.009
1
2
FWDE
P E FWDEV
FWD
FWD
E
E
P
V
E
FWDE
P
Sec Repetition
1 0.990 8017 8098 331 0.041
2 1.036 8393 8098 829 0.099
3 1.013 8201 8098 870 0.106
4 1.024 8290 8098 414 0.050
5 1.011 8191 8098 400 0.049
1 0.999 1525 1527 14 0.009
2 1.011 1544 1527 35 0.023
3 1.005 1535 1527 39 0.025
4 1.008 1539 1527 21 0.014
5 1.002 1530 1527 17 0.011
1
2
FWDE
P E FWDEV
FWD
FWD
E
E
P
V
E
FWDE
P
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Table 6.18  Effect of random deflection measurement error on back-
calculated Equivalent Foundation Modulus (EFM) on pavement 
structure 1 ± average of three drops per case 
 
Table 6.19  Effect of random deflection measurement error on back-
calculated Equivalent Foundation Modulus (EFM) on pavement 
structure 2 ± average of three drops per case 
Sec Repetition
1 1.001 100 100 0 0.003
2 1.000 100 100 0 0.004
3 1.001 100 100 0 0.004
4 1.000 100 100 0 0.004
5 1.000 100 100 0 0.004
1 1.002 100 100 0 0.004
2 0.999 100 100 0 0.005
3 1.001 100 100 0 0.004
4 1.000 100 100 0 0.004
5 1.000 100 100 0 0.004
1 1.004 100 100 0 0.004
2 1.000 100 100 0 0.004
3 1.001 100 100 0 0.004
4 1.002 100 100 0 0.004
5 0.999 100 100 0 0.005
1 1.003 100 100 0 0.004
2 1.001 100 100 0 0.004
3 1.003 100 100 0 0.004
4 1.003 100 100 0 0.004
5 1.000 100 100 0 0.004
1 1.003 100 100 0 0.004
2 0.999 100 100 0 0.005
3 1.000 100 100 0 0.004
4 1.001 100 100 0 0.004
5 0.999 100 100 0 0.005
D
E
A
B
C
FWDE
P E FWDEV
FWD
FWD
E
E
P
V
E
FWDE
P
Sec Repetition
1 1.002 257 256 4 0.015
2 0.995 255 256 2 0.008
3 1.000 256 256 2 0.010
4 1.000 256 256 2 0.009
5 0.996 255 256 2 0.006
1 0.999 149 149 1 0.009
2 0.995 148 149 1 0.006
3 0.997 149 149 1 0.007
4 0.998 149 149 1 0.006
5 0.999 149 149 1 0.004
1
2
FWDE
P E FWDEV
FWD
FWD
E
E
P
V
E
FWDE
P
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Table 6.20  Effect of random deflection measurement error on back-
calculated sub-base modulus on pavement structure 3 ± average of 
three drops per case 
 
Table 6.21  Effect of random deflection measurement error on back-
calculated subgrade modulus on pavement structure 3 ± average of 
three drops per case 
 
The results of the second simulation suggest that: 
x The effect of the random deflection measurement error on the back-
calculated layer modulus is generally low.  The only exception is the back-
calculated sub-base layer stiffness of the 3-layer pavement structure where 
the effect is instead noticeable. 
x The standard deviations of the layer moduli decrease as the number of 
³GURSV´LQFOXGHGLQWKHDYHUDJHLQFUHDVHVWR 
Sec Repetition
1 1.043 319 306 48 0.151
2 0.916 280 306 71 0.253
3 1.008 308 306 91 0.294
4 0.933 286 306 40 0.141
5 1.037 317 306 55 0.174
1 1.010 79 78 2 0.032
2 0.982 77 78 4 0.049
3 0.999 78 78 5 0.069
4 0.986 77 78 3 0.033
5 1.014 79 78 3 0.035
1
2
FWDE
P E FWDEV
FWD
FWD
E
E
P
V
E
FWDE
P
Sec Repetition
1 0.997 254 255 8 0.030
2 1.012 258 255 10 0.040
3 1.007 257 255 14 0.056
4 1.007 257 255 7 0.027
5 0.995 254 255 6 0.024
1 1.001 170 170 3 0.015
2 1.004 171 170 3 0.015
3 1.004 171 170 3 0.020
4 1.005 171 170 2 0.013
5 0.998 170 170 2 0.011
1
2
FWDE
P E FWDEV
FWD
FWD
E
E
P
V
E
FWDE
P
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6.2.3 Conclusions from analysis of random 
deflection measurement error 
A summary of the effect of random deflection measurement error on back-
analysed asphalt and subgrade stiffnesses is presented in Table 6.22.  It can 
be seen that the average error due to random measurement deflection error is 
less than 1% on back-analysed asphalt stiffness and close to 0% on back-
analysed subgrade stiffness.  The results of the same analysis from Irwin et al. 
(1989) is also reported, see Table 6.23 and Table 6.24.  It should be noted that 
WKHSDYHPHQWVWUXFWXUHLQFOXGHGLQ,UZLQHWDO¶VSDSHULVYHU\GLIIHUent from the 
one considered in this research analysis.  The pavement structure considered 
LQ ,UZLQ¶VSDSHUFRQVLVWVRIaPPRIDVSKDOW VXUIDFHFRXUVH a03D
150mm of unbound base (310MPa), 305mm of unbound subbase (145MPa) 
on top of subgrade (50MPa).  Irwin et al show a much wider range for the error 
in the back-analysed stiffnesses of the asphalt and unbound layers.  The wider 
HUURUUDQJHGXHWRPHDVXUHPHQWHUURULQ,UZLQ¶VSDSHULVSUREDEO\GXHWRWKH
four-layer structure considered in the calculation while a two-layer structure 
has been used in this research analysis.  It will be shown in chapter 8 that thin 
asphalt layers give a high mean back-analysed stiffness modulus error when 
compared to asphalt thickness greater than 200mm.  The results in Table 6.23 
and Table 6.24 are specific to the pavement structures considered.   
Table 6.22  Summary of simulation results 
 
 
 
Asphalt stiffness 
modulus
Subgrade 
stiffness modulus
Asphalt stiffness 
modulus
Subgrade 
stiffness modulus
min
-1.14% -0.40% min -1.02% -0.55%
avg 0.69% 0.23% avg 0.66% 0.07%
max 5.17% 2.73% max 3.65% 1.22%
1st 
Simulation 
(single drop 
per case)
2nd 
Simulation 
(average of 
three drops 
per case)
Error (%) on back-calculated stiffnessesError (%) on back-calculated stiffnesses
1
E
FWDE
P
1
E
FWDE
P
1
E
FWDE
P
1
E
FWDE
P
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Table 6.23  Summary of 1st simulation results from Irwin et al. (1989) 
 
Table 6.24  Summary of 2nd simulation results from Irwin et al. (1989) 
 
The following conclusions can be drawn: 
x The effect of random deflection measurement error can be minimised by 
making at least three replicate drops at each drop height and at each test 
point so that an average deflection bowl can be computed.  In the UK it is 
standard practice to take the last bowl.  
x If the effect of random error needs to be included in the analysis, then the 
following relationship will be used to calculate the standard deviation due 
to the combined effect of variation of layer thickness and random error in 
the deflection measurement: ߪ୼ா ൌ ටߪ୼ாଶ ൅ ߪோ௔௡ ?௘௥௥௢௥ଶ  (6.4) 
where ߪ୼ா is the standard deviation of the true asphalt stiffness modulus 
calculated with equation 10 (Collop, 2000) and ߪோ௔௡ ?௘௥௥௢௥ is the standard 
deviation of the asphalt stiffness modulus due to random deflection 
measurement error.  
Asphalt stiffness 
modulus
Unbound base 
stiffness modulus
Unbound subbase 
stiffness modulus
Subgrade 
stiffness modulus
min
-34.67% -28.22% -10.95% -1.47%
avg 2.00% -0.89% 1.43% -0.13%
max 42.00% 33.11% 19.05% 2.27%
1st 
Simulation 
(single drop 
per case)
Error (%) on back-calculated stiffnesses
1
E
FWDE
P
1
E
FWDE
P
1
E
FWDE
P
1
E
FWDE
P
Asphalt stiffness 
modulus
Unbound base 
stiffness modulus
Unbound subbase 
stiffness modulus
Subgrade 
stiffness modulus
min
-9.00% -24.22% -3.81% -2.53%
avg 3.67% -2.89% 2.38% -0.27%
max 30.33% 8.00% 18.57% 0.67%
Error (%) on back-calculated stiffnesses
2nd 
Simulation 
(average of 
three drops 
per case) 1E
FWDE
P
1
E
FWDE
P
1
E
FWDE
P
1
E
FWDE
P
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6.2.4 Effect of limited number of data points 
on back-calculated moduli 
This section examines the accuracy of the statistical properties (mean and 
standard deviation) calculated from the back-calculated stiffness modulus data 
collected using the FWD in relation to the number of samples used in the 
calculation.   
Collop (2000) determined the confidence limits for back-calculated asphaltic 
material stiffness modulus from FWD tests using a variable number of 
measurement points using a normalised mean error and a standard deviation 
error calculated using the following equations: 
 
(6.5) 
Eq. (13), Collop 2000 
 
(6.6) 
Eq. (14), Collop 2000 
Where ሺܧതሻ௧௥௨௘ , ሺߪ୼ாሻ௧௥௨௘ are the values of the mean stiffness modulus and the 
stiffness modulus standard deviation calculated using an infinite number of 
data points, ܧത, ߪ୼ா are the values of the mean stiffness modulus and the stiffness modulus 
standard deviation calculated using a limited number of data points, 
N is the number of data points, 
n = N-1, ߯௡Ǣఈଶ  is the 100D percentage point of the ߯ଶ distribution with n degrees of 
freedom,  ݐ௡Ǣఈ ଶ ? is the 100D percentage point of the student t distribution with n degrees 
of freedom, 
Dis the level of significance (i.e. 0.05) 
From the above equations it can be see that: 
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x The accuracy of the mean stiffness modulus estimates depends on the ratio 
of estimated standard deviation to true stiffness modulus and the number 
of samples. 
x The accuracy of the standard deviation of the layer stiffness modulus 
estimates depends on the number of samples. 
Equations (13) and (14) (Collop, 2000) can also be used to calculate the 
confidence interval associated with a limited number of asphalt layer thickness 
measurements (i.e., from cores) by simply replacing the asphalt stiffness 
modulus with asphalt layer thickness: 
 
(6.7) 
 
(6.8) 
Where ൫ത݄൯௧௥௨௘ ൌ ത݄ ൅ ݄଴, ሺߪ୼௛ሻ௧௥௨௘are the values of the mean asphalt layer thickness 
and the asphalt layer thickness standard deviation calculated using an infinite 
number of data points (i.e., from GPR measurements), ത݄, ߪ୼௛are the values of the mean asphalt layer thickness and the asphalt layer 
thickness standard deviation calculated using a limited number of data points 
(i.e. from core measurements), and the remaining terms have the same 
meaning described in equations (13) and (14) (Collop, 2000) above. 
6.3 ITSM tests from available sites 
ITSM tests are available for all the sites considered in this research.  However, 
only the ITSM tests performed on motorway M01 have been analysed as the 
number of ITSM tests on the other sites is too low.  
Despite the large number of ITSM tests available on the M01 sites, only for a 
few tests are the location and the layer tested known.  From plotting all the 
available ITSM tests on the M01 site it can be seen that a lognormal probability 
distribution fits the data, see Figure 6.6.  A tabular representation of the same 
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data is presented in Table 6.25.  It should be noted that the high stiffness 
modulus for site M01 is due to the high modulus base material containing a 15 
penetration grade bitumen (known as HMB15).  
 
Figure 6.6  ITSM stiffness data for motorway M01 
Table 6.25  Statistical properties of ITSM data from motorway M01 
 
)RUWKRVHIHZVHFWLRQVZKHUHWKH,760¶VWHVWORFDWLRQZDVNQRZQHTXDWLRQV
(6.5) and (6.6) were used to calculate the 95% confidence limits for the mean, 
standard deviation and coefficient of variation of the asphalt layer stiffness 
modulus, see Table 6.26 to Table 6.29.  The analysis has been carried out for 
both the base and the binder course layers.  The coefficient of variation 
appears, on average, to range from 10 to 30%, which is in line with the results 
found by Noureldin et al. (1994) and Timm et al. (2000), see section 2.8.
0.0%
2.0%
4.0%
6.0%
8.0%
10.0%
12.0%
14.0%
16.0%
18.0%
20.0%
ITSM ASPHALT STIFFNESS (MPA)
ITSM As built ITSM 2003 ITSM 2009 ITSM As built ITSM 2003 ITSM 2009
ITSM as-built
ITSM 2003
ITSM 2009
Sites ITSM set 
of data
Nr tests Layers Mean stiffness 
(MPa)
Standard deviation 
stiffness (MPa)
COV
As-built 150 Binder and base 12738 2550 0.20
2003 54 Binder and base 11298 2924 0.26
2009 45 Binder and base 11959 3439 0.29
M01 all 
sections
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Table 6.26  M01 Clockwise: ITSM tests for base layer 
 
Table 6.27  M01 Anti-Clockwise: ITSM tests for base layer 
 
Table 6.28  M01 Clockwise: ITSM tests for binder course layer 
 
Table 6.29  M01 Anti-Clockwise: ITSM tests for binder course layer 
 
Finally, Table 6.30 shows a comparison between the standard deviation of the 
asphalt stiffness modulus obtained from FWD back-analysis ൫ߪாಷೈವ൯, from 
ITSM tests ൫ߪா಺೅ೄಾ൯, and from Equation (10) ሺߪ୼ாሻ(Collop, 2000) for a 1km 
section of motorway M01.  The table shows that the 3 standard deviations are 
not very different from each other.  However, more data would be required to 
make more generalised conclusions.    
Table 6.30  Comparison between standard deviations of the asphalt 
stiffness modulus 
 
Sections Direction Nr of 
ITSM 
tests
Chainage 
From
Chainage 
To
MPa, from 
ITSM
MPa, from 
ITSM % From To From To From To
B 7 36.0 37.0 14269 1931 14 0.89 1.14 0.58 1.34 11 21
D 2 38.0 39.0 14896 897 6 0.94 1.06 0.49 1.40 5 12
F 4 40.0 41.0 12870 2351 18 0.92 1.09 0.58 1.34 15 29
H 3 42.0 43.0 11796 1528 13 0.86 1.19 0.42 1.44 11 27
CW
95% confidence 
limits for mean
95% confidence limits 
for standard deviation
95% confidence limits 
for COV
 trueE
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trueE
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trueE
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Sections Direction Nr of 
ITSM 
tests
Chainage 
From
Chainage 
To
MPa, from 
ITSM
MPa, from 
ITSM % From To From To From To
D 3 38.0 39.0 14103 2248 16 0.79 1.37 0.49 1.40 16 25
95% confidence 
limits for mean
95% confidence limits 
for standard deviation
95% confidence limits 
for COV
ACW
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Sections Direction Nr of 
ITSM 
tests
Chainage 
From
Chainage 
To
MPa, from 
ITSM
MPa, from 
ITSM % From To From To From To
B 4 36.0 37.0 13446 242 2 0.87 1.17 0.52 1.38 2 3
D 3 38.0 39.0 12089 847 7 0.71 1.71 0.49 1.40 9 10
95% confidence 
limits for mean
95% confidence limits 
for standard deviation
95% confidence limits 
for COV
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Sections Direction Nr of 
ITSM 
tests
Chainage 
From
Chainage 
To
MPa, from 
ITSM
MPa, from 
ITSM % From To From To From To
D 4 38.0 39.0 11988 1824 15 0.87 1.17 0.49 1.40 13 27ACW
95% confidence 
limits for mean
95% confidence limits 
for standard deviation
95% confidence limits 
for COV
 trueE
E  trueE
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Section From 
(MP)
To (MP)
B, Clockwise 36.0 37.0 2483 1839 1931
FWDE
V E'V ITSMba seE'V
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6.4 Conclusions 
This chapter has discussed how asphalt stiffness is generally measured in the 
UK, i.e. by field FWD tests and by laboratory ITSM tests.  The accuracy in the 
back-calculation of pavement layer moduli has been analysed.  The impact of 
pavement thickness errors, deflection errors and limited number of data points 
has been discussed and teFKQLTXHV WR FDOFXODWH WKH µWUXH¶ DVSKDOW VWLIIQHVV
variation have been reported.  
The main observations made in this chapter are: 
x Both laboratory and in-situ determination of stiffness modulus should be 
used to perform a full pavement evaluation. 
x In order for the FWD back-analysis to give reliable estimates of the in-situ 
asphalt stiffness modulus, it is essential to use accurate pavement layer 
thickness information.  For example, a 15 per cent underestimate of the 
thickness of a bound layer can result in a fifty per cent overestimate of the 
stiffness of that layer. 
x The average error due to random measurement deflection error is less than 
1% on back-analysed asphalt stiffness and close to 0% on back-analysed 
subgrade stiffness. 
x The effect of random deflection measurement error can be minimised by 
making at least three replicate drops at each drop height. 
x With both the effect of random error in the deflection measurement and the 
effect of variation of layer thickness included in the analysis, a relationship 
is proposed to calculate the adjusted standard deviation. 
x The effect of limited number of data points on back-calculated moduli has 
shown that: 
x The accuracy of the mean stiffness modulus estimates depends 
on the ratio of estimated standard deviation to true stiffness 
modulus and the number of samples. 
x The accuracy of the standard deviation of the layer stiffness 
modulus estimates depends on the number of samples. 
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x Based on the plots of ITSM tests on the M01 site, the coefficient of variation 
of the asphalt layer stiffness modulus appears, on average, to range from 
10% to 30%. 
x A lognormal probability distribution was found representative of the asphalt 
layer stiffness modulus. 
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7 Statistical characterisation of 
subgrade stiffness variability 
Subgrade stiffness together with the design traffic are the main input 
parameters to analytical pavement design.  The scope of the design, for 
example in terms deformation life, is to ensure that there is only limited 
deformation on the subgrade at the end of the design life due to stresses 
induced by traffic loads to the subgrade (through the road pavement).  
Subgrade stiffness affects not only the level of stresses in the subgrade but 
also the levels of stresses generated in all the overlying pavement layers.  
Seasonal temperature and moisture content variations within pavement 
subgrade and subbase layers influence pavement load carrying capacity.  
Loss of support conditions (i.e., a reduction in stiffness) in these layers can 
occur during thawing periods and/or saturated conditions and is one of the 
contributors to pavement distress. 
Current practice in the UK is to provide French drains at a depth of 0.6m in 
order to ensure as far as possible that the water table is maintained at least 
0.23m below the level of the formation under the road (Powell et al., 1984).   
Inadequate drainage can also affect the strength of the subgrade and the 
stability of granular foundation layers subjected to lengthy saturation.  These 
factors are accounted for during the design stage, as will be shown later.  
The first part of this chapter is an overview of different methods to estimate the 
subgrade stiffness and a summary of research information found to date on 
subgrade stiffness variability.  The second part shows the results of the 
DXWKRU¶VDWWHPpt to assess subgrade stiffness variability.   
7.1 Subgrade modulus for foundation 
design 
The subgrade is part of the foundation platform to support both the construction 
traffic and the design traffic.  
A typical foundation includes the following elements, see Figure 7.1: 
x 7KHVXEJUDGHUHIHUUHGDVWKHQDWXUDOJURXQGEXWLWLVQ¶WDOZD\VQDWXUDO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x A layer of capping (optional). The provision of a capping layer may be 
particularly appropriate for lower strength subgrades. 
x A layer of subbase (bound or unbound)  
 
Figure 7.1  Foundation layers (from Figure 2.1 in IAN 73/09 Rev 1) 
7KHVXEJUDGHVXUIDFHPRGXOXV LVDQHVWLPDWHGYDOXHRI µ6WLIIQHVV0RGXOXV¶
based on subgrade CBR and used for foundation design, whereas stiffness 
modulus is intended as the ratio of applied stress to induced strain. 
For subgrades, stiffness modulus is difficult to measure reliably and 
consistently, so historically California Bearing Ratio (CBR) has been used as 
an indirect measure. 
In the UK, estimation of the likely long-term, short-term and hence Design CBR 
should be derived using laboratory CBR tests in accordance with BS 1377 Pt 
4 (1990). 
Where it is not possible to collect material samples for assessment using 
laboratory CBR tests, the Suction Index Method should be used, as described 
in Appendix C of LR1132 (Powell et al, 1984).  Table 7.1 reports Table C1 in 
LR 1132 with estimated values for long-term CBR depending on soil type, 
particularly for clay subgrades where moisture and plasticity index are 
significant issues. 
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Table 7.1  Equilibrium suction-index CBR values (from Table C1 in 
Appendix C in LR 1132, Powell et al. 1984) 
 
For design purposes, the Subgrade Surface Modulus must be estimated from 
CBR values.  The Subgrade Surface Modulus used for design must be 
determined using the lowest value of the long term and short term CBR.  The 
short-term, i.e. during construction, subgrade CBR strength would typically be 
expected to differ from the long-term, i.e. under the completed pavement, 
equilibrium strength. 
The subgrade CBR value must be checked on site before foundation 
construction starts and must be equal to, or greater than, the Design CBR.  
The Dynamic Cone Penetrometer (DCP) method must be used to measure the 
in-situ subgrade strength, applicable to soft and medium fine grained 
subgrades. 
If the in-situ CBR is found to be less than the Design CBR, then the subgrade 
must either be improved to the Design CBR or the foundation redesigned. 
Where a subgrade has a lower CBR (less than 2%) it is considered unsuitable 
support for a pavement foundation.  It must therefore be permanently improved 
using special geotechnical measures.  
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7.2 Methods for estimating stiffness of 
subgrade 
There are three main methods used worldwide to estimate the subgrade 
stiffness:  
x Laboratory tests, such as California Bearing Ratio (CBR) and Repeated 
Load Triaxial (RLT) tests; 
x Field methods ± intrusive, such as Dynamic Cone Penetrometer (DCP); 
x Field methods ± non-destructive such as Falling Weight Deflectometer 
(FWD) and Light Weight Dynamic plate (LWD). 
Extensive information from several Highways Authorities across the United 
States regarding their preferred method for estimating the stiffness of 
subgrade and unbound materials for pavement design is reported in the 
NCHRP Synthesis 382 report (2008).  The main conclusions from the report 
are: 
x Among different laboratory methods the repeated load triaxial (RLT) test is 
the most preferred form of laboratory tests for repeatable and reliable 
moduli properties determination. 
x In the field, non-destructive tools such as FWD and an intrusive method 
such as DCP are preferred field test methods.   
x LWDs have become powerful tools for quick assessment of moduli in the 
field.   
x The majority of the correlations with DCP are local and empirical types. 
x There appears to be some variation with respect to the back-calculation 
programs used for determining moduli of layers (from FWD surveys). 
x The report recommends the development and a universal implementation 
of a standardised resilient Modulus (MR) measurement approach in both 
laboratory and field conditions which would lead to a better and reliable 
moduli database.  Such a database should be used to derive universal 
statistical correlation models for better interpretation of moduli properties of 
bases and subgrades. 
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Similar considerations apply to the UK.  An example of laboratory and field 
methods used in the UK is presented in the sections below.  Also in the UK, 
correlations, such as those between FWD and LWD tests, and between LWD 
and DCP or plate bearing tests, are empirical and local.  As a result, measured 
data from various materials are different.  Correlations are developed from test 
data results which refer to a certain type of soil with a certain compaction and 
stress conditions.  Therefore, correlations are expected to provide poor 
predictions when attempted on other soils.   
7.2.1 California Bearing Ratio (CBR) 
The California Bearing Ratio (CBR) test involves the insertion of a 50mm 
diameter plunger into the ground surface at a rate of 1mm per minute, whilst 
the load is recorded.  Surcharge rings can be placed around the plunger to 
simulate an overburden.  A laboratory version of the same test is available in 
which the sample tested is constrained within a 152.5mm diameter mould.  The 
load at penetrations of 2.5 and 5mm is compared with the result for a standard 
aggregate and the ratio given as a percentage.  The test is not suitable for 
coarse aggregates because the plunger and aggregate particles will be of 
similar size.  The test measures neither Stiffness Modulus nor Shear Strength 
directly ± giving a somewhat combined measure of both.  It takes around half 
an hour on site and between 1 and 2 hours in the laboratory and there is a 
large body of experience of its use. 
There are several variants on the CBR test: laboratory, field, with surcharge, 
saturated etc.  The standard method used in the UK is the laboratory CBR with 
a surcharge to simulate the appropriate vertical overburden stress of the case 
being considered. 
A relationship between CBR and Stiffness Modulus ± derived from work on 
certain soils (Powell et al, 1984) ± is: 
E = 17.6 *(CBR) 0.64 MPa (7.1) 
Where CBR is given as a % value. 
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7.2.2 Dynamic Cone Penetrometer (DCP) 
The Dynamic Cone Penetrometer is applicable to soft and medium fine grained 
subgrades.  The Dynamic Cone Penetrometer is similar to other field cone 
penetrometers except that it is driven into the ground under the action of a 
weight dropped onto an anvil.  It is therefore suited to stronger and coarser 
materials than other penetrometers.  The rate of penetration into the ground 
can then be related approximately to CBR by the following equation developed 
by the Transport Research Laboratory: 
CBR = 10 (2.48 ± 1.057 × Log10P) (7.2) 
where P is the penetration rate in mm per blow. (NB. The accuracy of this 
relationship reduces for CBR values below 10 per cent.) 
The Dynamic Cone Penetrometer is a device incorporating an 8kg steel drop 
weight that falls vertically through 575mm and makes contact with a relatively 
light steel anvil.  The anvil is rigidly attached, via steel rods to a 20mm diameter 
60o steel cone, which is thus driven vertically into the ground, see Figure 7.2. 
 
Figure 7.2  Dynamic Cone Penetrometer (DCP) 
The DCP is particularly valuable for evaluating the properties of an existing 
pavement foundation.  For example, it may also be used through many other 
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materials, particularly in a composite foundation, to measure both their CBRs 
and layer thicknesses. 
Where laboratory CBR tests have been carried out on the subgrade material, 
the DCP values should be calibrated to those of the laboratory tests. 
7.2.3 Plate bearing tests 
For coarser materials the Plate Bearing Test may be found appropriate for 
determination of subgrade CBR values.  The test is described in detail in 
BS1377 (1990) and involves placing a circular plate on a foundation layer, see 
Figure 7.3. 
 
Figure 7.3  Plate bearing test (from M&H testing Ltd website) 
An approximate empirical relationship with CBR can be made as follows 
(DMRB Volume 7, IAN 73/06 Rev1): 
CBR = 6.1 * 10-8 × (k762)1.733 % (7.3) 
where k762 is the Modulus of Subgrade Reaction, defined as the applied 
pressure under the loading platen divided by the displacement (normally 
1.25mm) with a plate of 762mm (30 inch) diameter.  The Modulus of Subgrade 
Reaction for other plate sizes can be determined using an appropriate 
conversion factor. 
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7.2.4 Dynamic Plate testing  
When the type of soil is inappropriate for Dynamic Cone Penetrometer (DCP) 
testing, Dynamic Plate testing may be used, see Figure 7.4. 
Figure 7.4  Dynamic Plate tests (LWD on the left, FWD on the right) 
These tests involve dropping a weight onto a platen and measuring the 
deflection.  Usually a damping mechanism (rubber buffers) is incorporated to 
control the magnitude and duration of the loading.  The Falling Weight 
Deflectometer (FWD) measures the stress applied and the resulting deflection 
of the foundation at several radial positions up to 2.5 metres from the loading 
plate.  Interpretation is generally in terms of the Stiffness Modulus of each 
foundation layer but is not straightforward and should be carried out by an 
experienced pavement engineer.  If only the central deflection is used to 
determine a Surface Modulus for the foundation, then interpretation can be 
carried out as for other Dynamic Plate tests.  The Lightweight Dynamic Plate 
(LWD) apparatus can be used for most foundation materials but care will be 
required for very stiff foundations, as it may be unable to deliver sufficient load 
to achieve a measurable deflection.   
The computation of surface stiffness modulus at each point tested is based on 
Boussinesq elastic theory using the following formula (DMRB Volume 7, HD 
29/08): 
 
D
PRE **1*2
2X 
 
(7.4) 
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where: 
E = Foundation Surface Modulus (in MN/m2 or MPa) 
Q  3RLVVRQ¶V5DWLRQ, by default, = 0.35) 
R = Load Plate Radius (R, by default, = 150mm) 
P = Contact Pressure (in kPa) 
D = Deflection under the centre of the plate (in microns) 
If a lightweight test device is used, it must be correlated to an FWD which will 
remain the reference test method (Clause 895.5 in IAN 73/06 Rev 1). 
7.3 Spatial and seasonal variation of 
subgrade stiffness 
Besides variability that may result from using different testing methods, as 
discussed in section 7.2, variability of subgrade stiffness is also due to 
seasonal and spatial variations.   
The heterogeneous nature of the pavement materials and non-uniform layer 
thicknesses lead to spatial variation which is present in all pavements and its 
magnitude depends to a great extent on such factors as construction quality.  
Spatial variation of subgrade stiffness during the pavement evaluation process 
is typically addressed through the selection of design values (deflections or 
predicted layer moduli) based on statistical variation.  The use of the 85th 
percentile predicted layer moduli for evaluation of major roads and 50th 
percentile deflection values for low volume roads is common practice (Appea 
2003). 
It is well known the subgrade strength variability affects the long-term 
performance of the pavement.  For example, if one area has a weaker 
subgrade than an adjacent area, it will be subject to larger deflections under 
heavy traffic loads which leads to varying deflection in the overlying pavement 
layers under traffic loads.  The variation in the deflection along the pavement 
therefore leads to variations in the accumulation of damage along the 
pavement, both within the layers and at the pavement surface.  The resulting 
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damage could be permanent deformation in any of the layers, cracking of the 
pavement surface and eventually an uneven pavement surface. 
Hossain et al. (2000) investigated the temperature and moisture effect on 
backcalculated layer moduli from four asphalt pavement test sections in 
Kansas, 150m long.  Most of the sites had silty clay soils as subgrade 
materials.  The subgrade moduli were backcalculated using the elastic layer 
theory.  They concluded that:  
x For almost all sites considered, the monthly variation in subgrade moisture 
content was not very significant over the seasons. 
x The plot of subgrade moduli versus time simulated sine-shaped forms 
signifying a possible temperature effect. 
x Extreme test temperatures, both high and low, resulted in high variation of 
measured deflections and subsequently backcalculated subgrade moduli 
across a site.  Some variabilities in backcalculated subgrade moduli can be 
avoided by conducting FWD tests in a moderate temperature regime. 
x Coefficient of variations between 7% and 29% were observed for the 
backcalculated subgrade moduli, representative of seasonal and spatial 
variabilities.  
Ali et al. (2011) examined the effect of the spatial variability in subgrade 
stiffness on the performance of flexible pavements (for one pavement 
structure).  The following conclusions were drawn from the analysis results: 
x The higher the variability in the subgrade stiffness, the higher is the 
variability in the pavement response (i.e., subgrade strain). 
x The effect of variability in subgrade stiffness is more pronounced on the 
compressive strain at the top of the subgrade layer than on the tensile strain 
at the bottom of the asphalt layer.  This is expected since the subgrade 
stiffness was varied, while the asphalt and base layer stiffnesses were kept 
constant. 
x The effect of the spatial variability in subgrade stiffness is more pronounced 
on the deformation (rutting) life than on the fatigue life of flexible 
pavements, as predicted using the Asphalt Institute mechanistic models. 
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Most research papers on evaluation of spatial and seasonal variability of 
subgrade stiffness deal with backcalculated subgrade layer moduli using 
measured deflections (Khogali and Anderson 1996, Wasniak 1999, Hossain et 
al. 2000, Bayomy and Salem 2005, Ali et al. 2011).  Remaining field data such 
as moisture and density are normally used by researchers to further investigate 
other pavement structural factors.   
The variation in the subgrade moisture content depends on the rainfall amount, 
the level of the ground water table and the soil type, fine or coarse, plastic or 
non-plastic, but the detailed dependence is very complicated according to 
Drumm and Meier 2003 (as cited in Bayomy and Salem 2005).  Bayomy and 
Salem (2005) monitored subgrade modulus variation (with FWD, annually) 
with moisture content (with moisture sensors, monthly) on 15 FHWA (Federal 
Highway Administration) ±LTPP (Long-Term Pavement Performance) -SMP 
(Seasonal Monitoring Program) sites.  They concluded that: 
x The variation of the subgrade modulus and moisture with time followed an 
inverse function, where the modulus decreased with moisture increase.  
This result was valid for all soils where the field moisture contents observed 
were above the optimum.  This relationship might change if the field 
moisture is below optimum.  In this case, an increase in the soil moisture 
may cause an increase in the modulus value as well. 
x The data presented showed that the most sensitive soil to moisture 
variations was a fine silty soil, followed by clay, while coarser soils, like 
clayey sand, were less sensitive to moisture variations.  This would indicate 
that the seasonal variation in the granular base layers would be minimal. 
x The predicted pavement life was overestimated when disregarding the 
seasonal variations in any of the AC (asphalt) modulus, subgrade modulus 
and traffic.  In general, the seasonal variations in the AC (asphalt) modulus 
showed more severe impacts on the estimated pavement life. 
x The mechanistic analysis performed using elastic layer theory in 
combination with the developed models to predict the pavement fatigue 
and rutting lives revealed that the inclusion of seasonal variation in 
pavement layer moduli resulted in a reduction of pavement service life of 
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about 35% on average (see Figure 7.5).  This indicates if an average 
modulus for each layer is used, instead of varied seasonal moduli values, 
this will result in premature failure.  The configurations considered were: 1) 
seasonal variation in all of the layer moduli and the traffic, 2) seasonal 
variation in the traffic and subgrade modulus with constant AC (asphalt) 
modulus, 3) seasonal variation in the traffic and AC (asphalt) modulus with 
constant subgrade modulus, and 4) seasonal variation in the layer moduli 
with uniform traffic.  
 
 
Figure 7.5  Estimated pavement life (in ESALs) due to fatigue and 
rutting failures due to seasonal variations (from Bayomy and Salem 
2005) 
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7.4 Research methodology to assess 
subgrade stiffness variability 
To characterise the spatial variability of the subgrade stiffness for the available 
UK sites, FWD deflections and back-analysed layer stiffnesses were used.  
Despite DCP tests being available for most sites these were not included in 
the analysis due to the limited number of tests available. 
,QRUGHUWRLVRODWHWKHµWUXH¶VXEJUDGHYDULDELOLW\IURPRWKHUVRXUFHVRIYDULDELOLW\
(LHYDULDWLRQVLQOD\HUWKLFNQHVVDµFXVXP¶(cumulative sum of differences) 
analysis was applied to the FWD central deflection (d1), to the asphalt layer 
thickness and to the subbase layer thickness (from GPR surveys); see 
example for site M01 in Figure 7.6 and Figure 7.7.  This statistical technique is 
used to determine sections with homogeneous characteristics along the length 
of a test section.  The Cusum analysis is typically undertaken on all deflection 
parameters by subtracting the average deflection parameter from each 
individual value and then summing the results cumulatively.  By plotting the 
Cusum against chainage, it is possible to highlight changes in pavement 
characteristics from changes in the gradient (slope) of the plot.  In this 
research, whenever the slope of the cusum plots for either the d1 deflections 
or the asphalt layer thickness or the subbase layer thickness changed, a new 
homogeneous section was considered to begin.  As a result, a high number of 
homogenous sections were derived from the cusum analysis.  For example, 
for site M01, a total of 31 homogeneous sections were obtained, most of them 
less than 100m long.  While at least 10 thickness values from GPR surveys 
were available every 100m for each site, only 5 deflection values (i.e. FWD 
deflections collected every 20m) existed.  Therefore, sections that were too 
short to give statistically meaningful data were discarded.  Sections with at 
least 8-10 points were considered, i.e. approximately 200m minimum length.  
For example, for site M01 only 2 out of 31 sections were selected because of 
the criteria above. 
Once the homogeneous sections were identified for each site, a back-analysis 
was carried out with the asphalt and subbase layer thicknesses derived from 
the GPR data.  For those sections where no GPR subbase thickness was 
available (i.e. sites M07 and M08), a 300mm layer thickness was used, which 
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is typically expected for a subgrade CBR of 3%.  FWD surveys were not 
available for sites M02 and M03 while for site M06 the homogeneous sections 
were too short.  The back-analysis was carried out with the pavement modelled 
firstly as a 3-layer structure (i.e., asphalt layer on top of subbase layer and 
subgrade) and secondly as a 2-layer structure (i.e., asphalt as the top layer 
and the sub-base combined with the subgrade to form the second layer).  The 
results of the back-analysis for the selected homogenous sections derived 
from the cusum analysis of all sites is presented in Table 7.2.   
 
Figure 7.6  FWD and GPR plot for site M01 
 
Figure 7.7  Example of Cusum analysis for site M01  
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Table 7.2  Subgrade stiffness variability from FWD back-analysis for all 
sites (for both three- and two-layer pavement structure model) 
 
The table shows the back-analysed subgrade stiffness in MPa for each 
homogeneous section in terms of mean (P), standard deviation (V) and 
coefficient of variation (COV, %) and for both the three- and two-layer 
pavement structure models used in the back-analysis.  The table also shows 
the probability distribution that best fits the data.  This has been achieved in 
Matlab by displaying first a quantile-quantile (Q_Q) plot of the section stiffness 
values versus theoretical quantiles from a normal and lognormal distribution 
and second by choosing the distribution which gives the plot closer to linear.  
Quantiles as well as percentiles focus on positions in the sorted list of data.  
P V COV 
(%)
P V COV 
(%)
220 M01 3 35160 35380 227 68 29.8 201 38 18.9 Normal
320 M01 16 36300 36620 199 34 17.0 183 20 11.2 Lognormal
200 M04 1 0 200 113 66 58.1 173 189 109.6 Lognormal
375 M04 10 875 1250 191 33 17.0 172 13 7.8 Lognormal
250 M04 20 1975 2225 257 21 8.1 238 44 18.5 Lognormal
275 M04 30 2675 2950 265 30 11.2 222 24 10.9 Normal
200 M04 37 3325 3525 182 42 22.9 160 23 14.3 Lognormal
370 M05 ACW 10 460 830 184 32 17.4 197 34 17.4 Normal
550 M05 ACW 11 830 1380 157 13 8.4 169 14 8.5 Normal
250 M05 CW 4 350 600 134 24 17.7 121 19 15.7 Lognormal
240 M05 CW 42 2270 2510 201 45 22.5 199 34 17.1 Lognormal
340 M07 NB 2 100 440 137 41 29.6 131 41 31.0 Lognormal
200 M07 NB 3 440 640 110 18 16.5 110 14 13.1 Lognormal
620 M07 NB 4 640 1260 157 32 20.3 150 13 9.0 Lognormal
340 M07 NB 5 1260 1600 187 44 23.3 151 23 15.6 Lognormal
200 M07 NB 6 1600 1800 189 46 24.2 149 20 13.6 Normal
180 M07 SB 3 100 280 176 37 20.9 161 28 17.6 Lognormal
560 M07 SB 7 720 1280 156 19 12.0 150 19 12.8 Lognormal
220 M07 SB 8 1280 1500 196 49 25.0 165 24 14.6 Lognormal
300 M07 SB 12 1640 1940 210 51 24.4 149 21 14.2 Lognormal
300 M08 EB 4 180 480 186 193 104.0 166 150 90.2 Lognormal
180 M08 EB 6 640 820 339 308 90.8 287 239 83.1 Lognormal
240 M08 WB 2 100 340 373 300 80.5 257 167 65.1 Lognormal
400 M08 WB 5 920 1320 144 186 129.1 124 154 123.6 Lognormal
Avg 56.4 49.7
Avg 20.5 15.8
Min 8.1 7.8
Max 29.8 31.0
* excluding Sec1 of M04
M01 to M08 M01 to M08
Lognormal
Probability 
distribution
Length (m) Site Section From To Back-calculated subgrade stiffness (MPa)
Pavement modelled as 
3-L structure
Pavement modelled as 
2-L structure
M01 to M07* M01 to M07*
M01 to M07* M01 to M07*
M01 to M07* M01 to M07*
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Quantiles are the decimal version of a percentile.  For example, the 50th 
percentile is the same as the 0.50 quantile. 
The following observations are made: 
x The high coefficients of variation particularly for site M08 are probably 
influenced by the thin asphalt layer.   
x For the three-layer pavement structure model, the coefficient of variation of 
the back-analysed subgrade stiffness modulus for almost all sites varied 
from a minimum of 8% to a maximum of 30%, with an average value of 
20%.   
x For the two-layer pavement structure model, the coefficient of variation of 
the back-analysed subgrade stiffness modulus for almost all sites varied 
from a minimum of 8% to a maximum of 30%, with an average value of 
15%. 
x A lognormal probability distribution is found in most cases to be 
representative of the subgrade stiffness. 
x The coefficient of variation of the back-analysed subgrade stiffness 
modulus derived by modelling the pavement as a two-layer structure was 
in most cases lower than the corresponding value of the three-layer 
structure.   
The difference in back-analysis results depending on number of layers used 
for the pavement structure will be explored in more detail in Chapter 8.  
7.5 Sensitivity analysis 
A sensitivity analysis was carried out at this point on each homogeneous 
section to assess which parameter(s) have the greater influence on the 
pavement life.  While the focus was on the effect of subgrade stiffness modulus 
variability on pavement life, variations in asphalt and subbase layer 
thicknesses and moduli were employed to get a comparative view of the 
importance of the subgrade.   
The basic model was a three-layer pavement structure (asphalt layer with 
thickness Ta and stiffness Ea, overlying a subbase layer with thickness Tsb and 
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stiffness Esb on top of subgrade with stiffness Esg).  The analysis consisted in 
calculating with BISAR, for each homogeneous section, the asphalt and 
subgrade strains for each of the following cases: 
x Base case where all parameters (Ea, Ta, Esb, Tsb, and Esg) are constant, i.e. 
with their mean values (P); 
x The 15th percentile of the parameter of interest is considered, taken from 
real data, while others are constant.   
x The 85th percentile of the parameter of interest is considered, taken from 
real data, while others are constant. 
x A total for 11 pavement structures were considered for each homogeneous 
section. 
x The fatigue and deformation lives were then estimated from the calculated 
asphalt and subgrade strains with the equations contained in LR 1132 
(Powell et al. 1984), also reported in section 4.5.3. 
It is noted that for a normal probability distribution, the 15th percentile is 
approximately equal to the mean minus one standard deviation.  Similarly, the 
85th percentile is approximately equal to the mean plus one standard deviation.  
As the lognormal distribution is a probability distribution whose logarithm has 
a normal distribution, the 15th and 85th percentiles can be calculated as above 
but by using instead the mean and standard deviation of the logarithms. 
While percentiles from real data were used for Ta, Esb, Tsb, and Esg, for Ea a 
different procedure was employed.  Corrections were made to HDFKVHFWLRQ¶V
back-analysed stiffness value to account for WKH VHFWLRQ¶V asphalt layer 
thickness variability (see Collop 2000 and Chapter 6).  For the asphalt stiffness 
values, the 15th and 85th percentiles were calculated from the mean and 
standard deviation of the logarithms with the following procedure: 
x 2QFH WKH VHFWLRQ¶V EDFN-analysed asphalt stiffness mean ൫ߤாಷೈವ൯  and 
standard deviation ൫ߪாಷೈವ൯  were calculated, Equation (9) and Equation 
(10) given in the reference (Collop, 2000) were used to predict the FWD 
stiffness modulus mean error and the FWD stiffness modulus standard 
deviation error respectively.  The errors are termed Hmean and Hsd here for 
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VLPSOLFLW\  7KH WUXH VHFWLRQ¶V DVSKDOW VWLIIQHVV PHDQሺܧതሻ  and standard 
deviation ሺߪ୼ாሻ  were then calculated (i.e ܧത ൌ ߤாಷೈವ כ ߝ௠௘௔௡  and ߪ୼ா ൌߪாಷೈವ כ ߝ௦ௗ). 
x The mean of the logarithms of the individual (and corrected for asphalt 
thickness variability) asphalt stiffness values was calculated, which is ݉ ൌܽݒ݁ݎܽ݃݁ൣ݈݊൫ܧிௐ஽೔ כ ߝ௠௘௔௡൯൧, averaged over n number of data points, and 
where ܧிௐ஽೔ is the individual (uncorrected) asphalt stiffness value. 
x The standard deviation of the logarithms of the individual asphalt stiffness 
values was calculated (and corrected for asphalt thickness variability), 
which is ݏ݀ ൌ ݏݐ݀݁ݒൣ݈݊൫ܧிௐ஽೔൯൧ כ ߝ௦ௗ. 
x The 15th percentile was calculated as ݁ሺ௠ି௦ௗሻand the 85th percentile was 
calculated as ݁ሺ௠ା௦ௗሻ. 
The ratio of the calculated fatigue (Nf) and deformation life (Nd) over the 
corresponding base case was calculated for each scenario.  The mean and 
standard deviation, the 15th & 85th percentiles of the design input parameters 
for all homogeneous sections are shown in Table 7.3.  The results of the 
analysis are shown in Table 7.4 to Table 7.8.  Despite the high uncertainty of 
the subbase stiffness and subgrade stiffness observed in some sites, for the 
purpose of this sensitivity analysis all sections were included. 
A summary of the analysis for all sites, based on average values, is presented 
in Table 7.9 in tabular format and in Figure 7.8 in graphical format. 
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Table 7.3  Mean & standard deviation, 15th & 85th percentiles of the design input parameters for all homogeneous 
sections 
Mean 
(m)
Stdev 
(m)
15th 
perc
85th 
perc
Mean 
(MPa)
Stdev 
(MPa)
15th 
perc
85th 
perc
Mean 
(m)
Stdev 
(m)
15th 
perc
85th 
perc
Mean 
(MPa)
Stdev 
(MPa)
15th 
perc
85th 
perc
Mean 
(MPa)
Stdev 
(MPa)
15th 
perc
85th 
perc
M01 3 0.284 0.004 0.280 0.286 4060 1423 2709 5440 0.171 0.016 0.157 0.187 345 398 42 872 227 68 155 311
M01 16 0.298 0.007 0.291 0.304 4731 1716 3127 6340 0.088 0.020 0.070 0.115 83 59 28 158 199 34 163 236
M04 1 0.251 0.043 0.218 0.304 6406 3570 4088 9833 0.166 0.045 0.121 0.204 504 479 74 925 113 66 48 136
M04 10 0.452 0.016 0.440 0.471 8105 1366 6729 9448 0.205 0.022 0.173 0.223 95 66 28 165 191 33 169 218
M04 20 0.449 0.010 0.438 0.456 7671 1016 6696 8637 0.257 0.031 0.229 0.286 401 379 29 907 257 21 241 275
M04 30 0.437 0.013 0.423 0.450 7875 1225 6685 9047 0.156 0.039 0.126 0.192 77 93 29 160 265 30 234 299
M04 37 0.443 0.008 0.437 0.453 7404 1114 6411 8396 0.147 0.013 0.130 0.160 60 45 28 103 182 42 148 210
M05 ACW 10 0.302 0.015 0.287 0.319 5780 1100 4680 6811 0.218 0.006 0.213 0.225 934 183 945 1000 184 32 135 212
M05 ACW 11 0.319 0.011 0.307 0.331 5631 807 4812 6418 0.216 0.005 0.212 0.220 899 185 695 1000 157 13 146 168
M05 CW 4 0.333 0.013 0.316 0.343 2894 401 2488 3282 0.195 0.047 0.150 0.248 71 55 28 100 134 24 109 163
M05 CW 42 0.340 0.014 0.324 0.351 8106 2014 5996 10182 0.159 0.036 0.125 0.209 748 406 98 1000 201 45 168 238
M07 NB 2 0.143 0.018 0.124 0.166 2725 2261 1122 3957 0.300 0.064 0.236 0.364 145 105 69 210 137 41 86 167
M07 NB 3 0.116 0.020 0.101 0.136 3281 1334 1227 4638 0.300 0.063 0.237 0.363 161 204 71 132 110 18 95 128
M07 NB 4 0.191 0.025 0.170 0.215 7837 2256 4467 10394 0.300 0.063 0.237 0.363 227 216 66 392 157 32 137 166
M07 NB 5 0.255 0.019 0.244 0.271 5657 1813 3585 7639 0.300 0.065 0.235 0.365 57 23 35 68 187 44 152 245
M07 NB 6 0.230 0.008 0.222 0.236 3346 848 2517 4176 0.300 0.062 0.238 0.362 73 71 34 69 189 46 158 222
M07 SB 3 0.148 0.013 0.136 0.154 2098 1161 921 3273 0.300 0.064 0.236 0.364 232 292 98 234 176 37 152 222
M07 SB 7 0.189 0.011 0.177 0.198 9254 2575 6076 12405 0.300 0.060 0.240 0.360 159 124 63 252 156 19 139 171
M07 SB 8 0.257 0.009 0.249 0.265 6201 2298 3296 9467 0.300 0.056 0.244 0.356 91 55 42 160 196 49 161 225
M07 SB 12 0.235 0.008 0.227 0.244 3504 1134 2309 4731 0.300 0.059 0.241 0.359 56 34 31 87 210 51 173 250
M08 EB 4 0.245 0.017 0.234 0.259 1206 355 813 1583 0.300 0.063 0.237 0.363 121 91 30 198 186 193 66 240
M08 EB 6 0.255 0.010 0.244 0.265 1454 227 1214 1687 0.300 0.061 0.239 0.361 193 85 137 259 339 308 67 680
M08 WB 2 0.243 0.026 0.232 0.259 4140 1680 1930 6283 0.300 0.061 0.239 0.361 83 40 44 115 373 300 89 556
M08 WB 5 0.181 0.031 0.151 0.208 1331 408 882 1577 0.300 0.060 0.240 0.360 61 71 28 78 144 186 55 131
Asphalt stiffness Subbase thickness Subbase stiffness Subgrade stiffnessAsphalt thicknessSite Section
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Table 7.4  Asphalt stiffness 15th and 85th percentiles ± Ratio of fatigue 
(Nf) and deformation life (Nd) over base case 
 
  
Length 
(m)
Site Section From To Mean 
(MPa)
Stdev 
(MPa)
COV (%) Nf1132 Nd1132 Nf1132 Nd1132
220 M01 3 35160 35380 4060 1423 35.06 0.36 0.47 2.24 1.80
320 M01 16 36300 36620 4730 1716 36.28 0.27 0.38 2.61 2.01
200 M04 1 0 200 6406 3570 55.74 0.33 0.42 3.27 2.48
375 M04 10 875 1250 8105 1366 16.85 0.53 0.64 1.69 1.45
250 M04 20 1975 2225 7671 1016 13.25 0.67 0.75 1.44 1.30
275 M04 30 2675 2950 7875 1225 15.56 0.57 0.68 1.61 1.40
200 M04 37 3325 3525 7404 1114 15.05 0.61 0.70 1.55 1.35
370 M05 ACW 10 460 830 5780 1100 19.04 0.65 0.70 1.43 1.34
550 M05 ACW 11 830 1380 5631 807 14.34 0.72 0.76 1.34 1.27
250 M05 CW 4 350 600 2894 401 13.86 0.61 0.72 1.51 1.32
240 M05 CW 42 2270 2510 8106 2014 24.85 0.46 0.53 1.88 1.66
340 M07 NB 2 100 440 2730 2261 82.82 0.14 0.37 2.62 1.64
200 M07 NB 3 440 640 3281 1334 40.67 0.15 0.39 2.29 1.51
620 M07 NB 4 640 1260 7840 2256 28.78 0.20 0.40 2.33 1.64
340 M07 NB 5 1260 1600 5660 1813 32.04 0.21 0.40 2.80 1.85
200 M07 NB 6 1600 1800 3350 848 25.30 0.40 0.60 2.04 1.50
180 M07 SB 3 100 280 2100 1161 55.26 0.24 0.47 2.65 1.65
560 M07 SB 7 720 1280 9250 2575 27.84 0.27 0.47 2.54 1.74
220 M07 SB 8 1280 1500 6200 2298 37.06 0.13 0.30 4.16 2.37
300 M07 SB 12 1640 1940 3504 1134 32.37 0.26 0.46 2.72 1.78
300 M08 EB 4 180 480 1210 355 29.31 0.38 0.58 2.04 1.49
180 M08 EB 6 640 820 1450 227 15.63 0.66 0.79 1.46 1.23
240 M08 WB 2 100 340 4140 1680 40.57 0.09 0.26 4.00 2.20
400 M08 WB 5 920 1320 1331 408 30.64 0.32 0.56 1.63 1.29
Avg 26.21 0.50 0.60 1.80 1.54
Avg 40.22 0.23 0.45 2.46 1.66
Avg 32.25 0.33 0.51 2.13 1.60
Pavement modelled as three-layer 
structure
M01 to M05
M07 to M08
M01 to M08
85th percentile Ea; life 
ratio over base scenario
Asphalt stiffness 15th percentile Ea; life 
ratio over base scenario
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Table 7.5  Asphalt thickness 15th and 85th percentiles ± Ratio of fatigue 
(Nf) and deformation life (Nd) over base case 
 
Table 7.6  Subbase stiffness 15th and 85th percentiles ± Ratio of fatigue 
(Nf) and deformation life (Nd) over base case 
 
  
Length 
(m)
Site Section From To Mean 
(m)
Stdev 
(m)
COV (%) Nf1132 Nd1132 Nf1132 Nd1132
220 M01 3 35160 35380 0.284 0.004 1.48 0.92 0.92 1.04 1.04
320 M01 16 36300 36620 0.298 0.007 2.33 0.85 0.86 1.15 1.13
200 M04 1 0 200 0.251 0.043 17.14 0.46 0.45 3.19 3.15
375 M04 10 875 1250 0.452 0.016 3.48 0.81 0.85 1.37 1.30
250 M04 20 1975 2225 0.449 0.010 2.26 0.83 0.86 1.12 1.10
275 M04 30 2675 2950 0.437 0.013 2.98 0.78 0.81 1.25 11.38
200 M04 37 3325 3525 0.443 0.008 1.81 0.90 0.91 1.19 1.15
370 M05 ACW 10 460 830 0.302 0.015 4.89 0.75 0.76 1.38 1.34
550 M05 ACW 11 830 1380 0.319 0.011 3.42 0.80 0.81 1.25 1.23
250 M05 CW 4 350 600 0.333 0.013 3.79 0.69 0.73 1.23 1.19
240 M05 CW 42 2270 2510 0.340 0.014 4.06 0.73 0.74 1.23 1.22
340 M07 NB 2 100 440 0.143 0.018 12.62 0.57 0.57 1.95 1.89
200 M07 NB 3 440 640 0.116 0.020 17.54 0.63 0.61 1.84 1.88
620 M07 NB 4 640 1260 0.191 0.025 13.10 0.54 0.55 1.96 1.87
340 M07 NB 5 1260 1600 0.255 0.019 7.26 0.74 0.78 1.51 1.42
200 M07 NB 6 1600 1800 0.230 0.008 3.54 0.80 0.83 1.18 1.15
180 M07 SB 3 100 280 0.148 0.013 8.49 0.75 0.74 1.16 1.16
560 M07 SB 7 720 1280 0.189 0.011 6.00 0.69 0.70 1.31 1.29
220 M07 SB 8 1280 1500 0.257 0.009 3.52 0.81 0.84 1.23 1.19
300 M07 SB 12 1640 1940 0.235 0.008 3.60 0.80 0.83 1.28 1.22
300 M08 EB 4 180 480 0.245 0.017 6.78 0.77 0.82 1.39 1.28
180 M08 EB 6 640 820 0.255 0.010 3.98 0.78 0.83 1.25 1.18
240 M08 WB 2 100 340 0.243 0.026 10.50 0.74 0.79 1.52 1.40
400 M08 WB 5 920 1320 0.181 0.031 17.19 0.41 0.46 2.14 1.89
Avg 4.79 0.76 0.78 1.33 1.59
Avg 8.71 0.68 0.71 1.48 1.42
Avg 6.39 0.72 0.74 1.41 1.49
M01 to M05
M07 to M08
M01 to M08
Pavement modelled as three-layer 
structure
15th percentile Ta; life 
ratio over base scenario
85th percentile Ta; life 
ratio over base scenario
Asphalt thickness
Length 
(m)
Site Section From To Mean 
(MPa)
Stdev 
(MPa)
COV (%) Nf1132 Nd1132 Nf1132 Nd1132
220 M01 3 35160 35380 345 398 115.45 0.29 9.26 3.19 1.04 0.19 3.84
320 M01 16 36300 36620 83 59 71.49 0.70 4.49 1.25 0.54 0.14 0.79
200 M04 1 0 200 504 479 94.98 0.37 2.24 2.00 1.28 0.65 8.19
375 M04 10 875 1250 95 66 69.63 0.72 5.83 1.17 0.57 0.15 0.86
250 M04 20 1975 2225 401 379 94.48 0.36 25.53 1.92 0.89 0.11 3.53
275 M04 30 2675 2950 77 93 120.95 0.75 4.68 1.24 0.41 0.11 0.60
200 M04 37 3325 3525 60 45 74.84 0.83 3.02 1.14 0.53 0.15 0.57
370 M05 ACW 10 460 830 934 183 19.60 1.02 1.01 1.11 1.04 5.14 5.43
550 M05 ACW 11 830 1380 899 185 20.59 0.71 0.89 1.18 1.06 4.43 6.37
250 M05 CW 4 350 600 71 55 77.39 0.67 3.61 1.19 0.71 0.21 0.75
240 M05 CW 42 2270 2510 748 406 54.28 0.40 3.15 1.29 1.04 0.49 4.98
340 M07 NB 2 100 440 145 105 72.66 0.41 1.46 1.77 1.01 0.50 1.53
200 M07 NB 3 440 640 161 204 126.41 0.33 1.20 0.74 0.98 0.65 1.20
620 M07 NB 4 640 1260 227 216 95.34 0.46 2.71 1.69 0.97 0.42 2.50
340 M07 NB 5 1260 1600 57 23 40.42 0.80 2.12 1.09 0.78 0.19 0.36
200 M07 NB 6 1600 1800 73 71 96.61 0.62 2.94 0.96 1.07 0.18 0.37
180 M07 SB 3 100 280 232 292 126.07 0.25 1.21 1.02 1.00 0.56 1.33
560 M07 SB 7 720 1280 159 124 78.27 0.61 2.48 1.39 0.82 0.40 1.62
220 M07 SB 8 1280 1500 91 55 60.76 0.69 2.97 1.38 0.57 0.21 0.82
300 M07 SB 12 1640 1940 56 34 60.97 0.71 2.49 1.34 0.57 0.15 0.41
300 M08 EB 4 180 480 121 91 75.24 0.24 4.64 2.15 0.84 0.16 1.06
180 M08 EB 6 640 820 193 85 43.96 0.61 1.29 1.63 0.87 0.40 0.76
240 M08 WB 2 100 340 83 40 48.45 0.67 2.73 1.27 0.64 0.12 0.31
400 M08 WB 5 920 1320 61 71 116.27 0.47 2.43 1.34 0.82 0.19 0.54
Avg 69.71 0.58 3.74 1.43 0.78
Avg 104.74 0.50 2.19 1.32 0.83
Avg 84.11 0.53 2.80 1.37 0.80
M01 to M05
M07 to M08
M01 to M08
CommentsPavement modelled as three-layer 
structure
15th percentile Esb; life 
ratio over base scenario
85th percentile Esb; life 
ratio over base scenario
Subbase stiffness
sg
sb
E
E
thperc85
sg
sb
E
E
thperc15
  
 
Statistical characterisation of subgrade stiffness variability Page 158  
 
Table 7.7  Subbase thickness 15th and 85th percentiles ± Ratio of 
fatigue (Nf) and deformation life (Nd) over base case 
 
  
Length 
(m)
Site Section From To Mean 
(m)
Stdev 
(m)
COV (%) Nf1132 Nd1132 Nf1132 Nd1132
220 M01 3 35160 35380 0.171 0.016 9.49 0.99 0.87 1.01 1.17
320 M01 16 36300 36620 0.088 0.020 22.40 1.04 0.78 0.95 1.38
200 M04 1 0 200 0.166 0.045 27.15 0.84 0.67 1.13 1.40
375 M04 10 875 1250 0.205 0.022 10.97 1.02 0.81 0.99 1.12
250 M04 20 1975 2225 0.257 0.031 11.89 0.98 0.84 1.01 1.19
275 M04 30 2675 2950 0.156 0.039 25.31 1.04 0.75 0.96 1.35
200 M04 37 3325 3525 0.147 0.013 9.17 1.02 0.86 0.99 1.11
370 M05 ACW 10 460 830 0.218 0.006 2.90 0.98 0.95 1.02 1.07
550 M05 ACW 11 830 1380 0.216 0.005 2.25 0.98 0.96 1.01 1.04
250 M05 CW 4 350 600 0.195 0.047 24.30 1.04 0.67 0.96 1.51
240 M05 CW 42 2270 2510 0.159 0.036 22.70 0.90 0.76 1.14 1.48
340 M07 NB 2 100 440 0.300 0.064 21.33 1.00 0.50 1.00 1.92
200 M07 NB 3 440 640 0.300 0.063 21.00 0.96 0.47 1.03 2.01
620 M07 NB 4 640 1260 0.300 0.063 21.00 0.97 0.60 1.02 1.61
340 M07 NB 5 1260 1600 0.300 0.065 21.67 1.07 0.63 0.95 1.50
200 M07 NB 6 1600 1800 0.300 0.062 20.67 1.06 0.60 0.95 1.57
180 M07 SB 3 100 280 0.300 0.064 21.33 0.97 0.45 1.02 2.08
560 M07 SB 7 720 1280 0.300 0.060 20.00 1.00 0.64 1.00 1.51
220 M07 SB 8 1280 1500 0.300 0.056 18.67 1.04 0.68 0.97 1.43
300 M07 SB 12 1640 1940 0.300 0.059 19.67 1.07 0.63 0.94 1.52
300 M08 EB 4 180 480 0.300 0.063 21.00 1.03 0.52 0.98 1.80
180 M08 EB 6 640 820 0.300 0.061 20.33 1.04 0.52 0.97 1.82
240 M08 WB 2 100 340 0.300 0.061 20.33 1.09 0.60 0.93 1.57
400 M08 WB 5 920 1320 0.300 0.060 20.00 1.07 0.54 0.96 1.74
Avg 16.32 0.98 0.81 1.02 1.25
Avg 20.55 1.03 0.56 0.98 1.69
Avg 20.23 1.01 0.66 1.00 1.47M01 to M08
M01 to M05
M07 to M08
Pavement modelled as three-layer 
structure
15th percentile Tsb; life 
ratio over base scenario
85th percentile Tsb; life 
ratio over base scenario
Subbase thickness
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Table 7.8  Subgrade stiffness 15th and 85th percentiles ± Ratio of 
fatigue (Nf) and deformation life (Nd) over base case 
 
Table 7.9  Summary of Ratio of fatigue (Nf) and deformation life (Nd) 
over base case based on average results (tabular format) 
 
  
Length 
(m)
Site Section From To Mean 
(MPa)
Stdev 
(MPa)
COV (%) Nf1132 Nd1132 Nf1132 Nd1132
220 M01 3 35160 35380 227 68 29.77 0.80 0.43 1.19 2.15
320 M01 16 36300 36620 199 34 17.02 0.89 0.59 1.10 1.60
200 M04 1 0 200 113 66 58.10 0.59 0.27 1.12 1.38
375 M04 10 875 1250 191 33 17.03 0.94 0.72 1.06 1.44
250 M04 20 1975 2225 257 21 8.10 0.97 0.87 1.04 1.16
275 M04 30 2675 2950 265 30 11.21 0.95 0.70 1.05 1.43
200 M04 37 3325 3525 182 42 22.90 0.91 0.57 1.07 1.49
370 M05 ACW 10 460 830 184 32 17.44 0.85 0.60 1.08 1.28
550 M05 ACW 11 830 1380 157 13 8.39 0.96 0.89 1.04 1.12
250 M05 CW 4 350 600 134 24 17.75 0.91 0.56 1.09 1.78
240 M05 CW 42 2270 2510 201 45 22.53 0.89 0.74 1.12 1.35
340 M07 NB 2 100 440 137 41 29.64 0.88 0.29 1.05 1.78
200 M07 NB 3 440 640 110 18 16.50 0.96 0.69 1.04 1.50
620 M07 NB 4 640 1260 157 32 20.27 0.95 0.71 1.02 1.15
340 M07 NB 5 1260 1600 187 44 23.30 0.94 0.50 1.07 2.52
200 M07 NB 6 1600 1800 189 46 24.18 0.95 0.56 1.04 1.72
180 M07 SB 3 100 280 176 37 20.90 0.97 0.68 1.04 1.91
560 M07 SB 7 720 1280 156 19 12.03 0.96 0.73 1.03 1.29
220 M07 SB 8 1280 1500 196 49 25.03 0.94 0.54 1.04 1.55
300 M07 SB 12 1640 1940 210 51 24.37 0.96 0.51 1.03 1.84
300 M08 EB 4 180 480 186 193 103.97 0.75 0.06 1.05 2.25
180 M08 EB 6 640 820 339 308 90.80 0.66 0.01 1.10 10.49
240 M08 WB 2 100 340 373 300 80.54 0.66 0.01 1.07 4.25
400 M08 WB 5 920 1320 144 186 129.09 0.79 0.05 0.98 0.73
Avg 21.06 0.87 0.60 1.09 1.45
Avg 73.27 0.87 0.22 1.04 1.97
Avg 56.36 0.87 0.35 1.06 1.71
M01 to M05
M07 to M08
M01 to M08
Pavement modelled as three-layer 
structure
15th percentile Esg; life 
ratio over base scenario
85th percentile Esg; life 
ratio over base scenario
Subgrade stiffness
Nf1132 Nd1132 Nf1132 Nd1132
Ea Asphalt stiffness 32.2 -67% -49% 113% 60%
Ta Asphalt thickness 6.4 -28% -26% 41% 49%
Esb Subbase stiffness 84.1 -47% 180% 37% -20%
Tsb Subbase thickness 20.2 1% -34% 0% 47%
Esg Subgrade stiffness 56.4 -13% -65% 6% 71%
15th percentile for design 
parameter; average life 
ratio over base scenario
85th percentile for design 
parameter; average life 
ratio over base scenario
Design 
parameter 
Design parameter 
description
Parameter 
COV (%), 
average of 
all sites
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Figure 7.8  Summary of Ratio of fatigue (Nf) and deformation life (Nd) 
over base case based on average results (graphical format) 
The following observations can be made from the tables and from the graph 
above (i.e., by looking at the spread of the life ratio over the base scenario 
resulting from the 15th and 85th percentiles of the selected pavement input 
parameters): 
x The parameters with the greatest influence on the variability of predicted 
fatigue performance are the asphalt stiffness modulus (Ea) and thickness 
(Ta).   
x Fatigue life is affected by changes in the asphalt surface layer thickness 
(Ta) while it is unaffected by changes in the granular subbase layer 
thickness (Tsb). 
x The parameters with the greatest influence on the variability of predicted 
deformation (rutting) performance are the granular subbase thickness (Tsb), 
the asphalt thickness (Ta), and the stiffness of the subgrade (Esg).   
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x The observations above do not include any variation in traffic and they are 
in line with the results of other research findings as discussed in Section 
2.9.1.  
x The stiffness of the subbase (Esb) also appears to influence the variability 
of predicted deformation (rutting) performance.  However, it is noted that 
WKHVHFWLRQ¶VDYHUDJHEDFNFDOFXODWHGVXEEDVHVWLIIQHVVVHHTable 7.6) is 
in most cases low (less than 150MPa) and lower than the backcalculated 
subgrade modulus.  This is true also for the ratio of the 15th and 85th 
percentiles of the subbase stiffness over the subgrade stiffness.  For a 
typical flexible pavement with a well performing foundation, it is expected 
that the subbase stiffness is at least 150MPa and/or about 2 to 3 times the 
subgrade stiffness.  In the very few cases where this condition is satisfied 
the subbase stiffness has little influence on the variability of predicted 
deformation (rutting) performance. 
x In connection with the previous observation, it is noted that the goodness 
of fit has been monitored but not included in the analysis.   
7.6 Conclusions 
An overview of different methods to estimate the subgrade stiffness, spatial 
and seasonal variations of subgrade stiffness and WKHUHVXOWVRIWKHDXWKRU¶V
attempt to assess the subgrade stiffness variability have been discussed in 
this chapter.  The main findings are:  
x California Bearing Ratio (CBR) and Repeated Load Triaxial (RLT) tests, 
Dynamic Cone Penetrometer (DCP), Falling Weight Deflectometer (FWD) 
and Light Weight Dynamic plate (LWD) are the main methods used 
worldwide to estimate the subgrade stiffness.  Empirical and local 
correlations are used between the tests methods above with consequent 
variability in test results depending on the particular method used.  
x Based on D µFXVXP¶ DQDO\VLV on the available sites, the coefficient of 
variation of the back-analysed subgrade stiffness modulus for almost all 
sites varied from a minimum of 8% to a maximum of 30%, with an average 
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value of 20%.  The high uncertainty sometimes observed in the data is 
probably due to the small sample size derived from the cusum analysis. 
x A lognormal probability distribution was found in most cases to be 
representative of the subgrade stiffness. 
x Based on a sensitivity analysis of design input parameter variability on the 
available sites, it was found that the stiffness of the subgrade (Esg) has a 
great influence on the variability of predicted deformation (rutting) 
performance together with the granular subbase thickness (Tsb) and the 
asphalt thickness (Ta).  The effect of the variability in subgrade stiffness is 
less pronounced with respect to the fatigue life of flexible pavements. 
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8 Proposed model to predict the 
pavement design life 
The calculation of stresses and strains (response models) and performance 
models have been discussed in chapter 4.  2GHPDUN¶V0HWKRGRI(TXLYDOHQW
7KLFNQHVVHV0(7DQG6KHOO¶V VSHFLDOLVWVRIWZDUH³%,6$5´KDYHEHHQFKRVHQ
to calculate the stresses and strains for various pavement structures.  This 
chapter starts with the assessment of the difference between the two methods 
in the calculation of response and then explores the effect on pavement 
performance represented by the fatigue and deformation lives.   
BISAR is one amongst many available multi-layer computer programs used to 
calculate stresses and strains in pavements, but the main limitation is that only 
a maximum of 10 pavement structures can be analysed at a time and all input 
parameters need to be inserted manually by the user.  The MET methodology 
on the other hand is not a precise method from a mathematical point of view, 
but it can give an instant prediction of the strains and stresses in pavement 
layers.  It should be considered as a simple and efficient method for practical 
purposes, for example in Pavement Management Systems or in simulation of 
pavement deterioration, where stresses and strains must be calculated large 
numbers of times (Pearson, 2011).   
This chapter presents the results of a sensitivity analysis carried out to 
compare the values of the strains (asphalt tensile strain and compressive strain 
at the top of the subgrade) and fatigue and deformation lives obtained with the 
MET methodology with those calculated with the BISAR software.  The results 
of a linear regression analysis are presented which can be used to predict the 
values of strains calculated with BISAR from those obtained with the MET 
methodology and with a desired level of confidence.  A similar analysis is 
applied to the prediction models (fatigue and deformation life) and an 
alternative model is also discussed to improve the results of the MET 
methodology, particularly for the calculation of asphalt strains and fatigue life.  
It should be stressed that the proposed method is meant to be a practical tool 
to assess the (relative) effects of pavement design input variability on output 
performance.  The ultimate interest of the research is not in the absolute values 
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of fatigue and deformation lives (i.e., accuracy of the proposed model) but 
UDWKHU LQ WKHLU YDULDWLRQV H[SUHVVHG IRU H[DPSOH E\ WKH SDYHPHQW OLIH¶V
coefficient of variation and probability distribution.   
The chapter also explores the effect of different pavement models used in 
backcalculation procedures, in particular the three-layer vs two-layer structure, 
on the backanalysed layer stiffnesses and on the fatigue and deformation lives. 
8.1 Sensitivity Analysis 
A sensitivity analysis has been carried out to compare the values of the strains 
obtained with the MET method with those calculated with the BISAR software 
and to assess the impact of this difference in the prediction models (fatigue 
and deformation life).  The analysis aimed to investigate in detail the difference 
between the two methods and to compare it with the ± 10% value commonly 
quoted in the literature for a given pavement structure (Ullidtz, 1987).  The 
strains considered are the tensile strain at the bottom of the asphalt layer and 
the compressive strain at the top of the subgrade.  BISAR was chosen because 
it is widely used for analytical pavement designs in the UK.  Despite the 
reasonable accuracy of the response model predicted by BISAR, the software 
cannot be practically used in Pavement Management Systems or in simulation 
of pavement deterioration.  A simplified approach to the calculation of the 
pavement strains and stresses such as that offered by the MET method is 
believed to be best suited for these purposes.   
In order to assess the difference between the MET and the BISAR calculated 
values of the asphalt and subgrade strains with a certain level of confidence, 
a large number of 3-layer pavement structures were considered (i.e. asphalt 
layer on top of subbase layer and subgrade).  The range of values considered 
for the input variables is presented in Table 8.1.  
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Table 8.1  Pavement structures considered in the analysis 
Variable name Variable description Range of values 
x1 (Ea) Asphalt stiffness (MPa) 2500 to 7000 MPa 
x2 (Ta) Asphalt thickness (m) 0.100 to 0.500 m 
x3 (Tsb) Subbase thickness (m) 0.100 to 1.000 m 
x4 (Esb) Subbase stiffness (MPa) 75 to 1000 MPa 
x5 (Esg) Subgrade stiffness (MPa) 27 to 100 MPa  
The following design parameters were selected: 
1. The values of asphalt layer thickness (m) considered were: 0.100, 0.150, 
0.200, 0.300, 0.400, and 0.500. 
2. The values of asphalt layer stiffness (MPa) and corresponding asphalt 
materials considered were: 2500 (DBM125), 3100 (DBM100), 4700 
(DBM50), 6200 (HDM), and 7000 (HMB35) (as recommended in HD 26, 
DMRB Volume 7). 
3. The values of sub-base layer thickness (m) considered were: 0.100, 0.150, 
0.200, 0.300, 0.400, 0.500, 0.600, 0.700, 0.800, 0.900, and 1.000. 
4. The values of subbase layer stiffness (MPa) considered were: 30, 50, 75, 
100, 150, 200, 300, 350, 400, 500, 750, and 1000. 
5. The values of subgrade stiffness (MPa) considered were: 15, 27, 30, 32, 
36, 43, 50, 67, 77 and 100.  The subgrade stiffnesses covered subgrade 
California Bearing Ratio (CBR) values ranging from 1 to 10% when 
calculated using the following formula (Powell et al, 1984):  ܧ௦௕ ൌ  ? ?Ǥ ? כሺܥܤܴሻ଴Ǥ଺ସ (MPa)  
where CBR is given as a % value.   
Both MET and BISAR asphalt and subgrade strains were calculated for all the 
possible combinations of values of the 5 input variables which satisfied the 
conditions of validity of the MET method (i.e., Ea/Esb>2 and Esb/Esg>2; he,2>a 
and he,3>a, where he,2 and he,3 are the transformed asphalt and subbase layer 
respectively), for a total of 13368 different cases out of 19024$3RLVVRQ¶V
ratio of 0.35 was assumed for all layers.  It should be noted that within all the 
arbitrary combinations of layer properties considered in the analysis, some 
may not be representative of real pavement structures.   
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A regression analysis for 3-layer modelled pavement structures was performed 
for both the asphalt and subgrade strains the results of which are discussed in 
the following sections.   
As mentioned earlier, a limitation of the MET method for a 3 or more layer 
modelled pavement structure is that the asphalt strain is independent of the 
characteristics of the formation layers (i.e., subbase thickness and subgrade 
stiffness for a 3-layer pavement structure; subbase thickness, capping 
thickness, capping stiffness and subgrade stiffness for a 4-layer pavement 
structure).  To overcome this problem, an alternative model is proposed where 
the pavement is modelled as a 2-layer pavement structure with the subbase 
and subgrade layers transformed into an Equivalent Foundation Modulus 
(EFM). 
8.1.1 Regression analysis ² 3-layer pavement 
structure 
The regression analysis discussed in this section ± for both strains and 
performance lives ± is based on the application of the MET method to 3-layer 
pavement structures, see Figure 8.1.  
 
Figure 8.1  Model for 3-layer pavement structure 
Contact radius: 0.151m
Load: 40kN
Asphalt layers Horizontal tensile strain Hr      Ea, Ta, Q = 0.35 H Q
Subbase layers      Esb, Tsb, Q = 0.35
Q
   Vz    Hz
Subgrade      Esg, Q = 0.35
E = layer stiffness (MPa)
T = layer thickness (m)
Q = Poisson's ratio Q
Moving wheel load
  Vertical compressive 
strain & stress
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8.1.1.1 Model for asphalt and subgrade strains  
For every combination of pavement structures considered the plot of the 
asphalt tensile strains calculated with the MET method versus the asphalt 
tensile strains calculated with the BISAR software is illustrated in Figure 8.2.    
Similarly, the plot of the subgrade compressive strains calculated with the MET 
method versus the subgrade compressive strains calculated with the BISAR 
software is illustrated in Figure 8.3.  The actual values of the strains have been 
plotted on a logarithmic scale.  Both Figure 8.2 and Figure 8.3 show that an 
³LQWULQVLFDOO\´OLQHDUUHODWLRQVKLSH[LVWVEHWZHHQWKHVWUDLQVFDOFXODWHGZLWKWKH
MET method and those calculated with the BISAR software.  The general 
exponential function: ܻ ൌ ߚ଴ݔఉభߝ (8.1) 
is intrinsically linear, since it can be transformed to a straight line by a 
logarithmic transformation, such as: ݈݋ܻ݃ ൌ ݈݋݃ߚ଴ ൅ ߚଵ݈݋݃ݔ ൅ ݈݋݃ߝ (8.2) 
This transformation requires that the transformed error terms logH  are normally 
and independently distributed with mean 0 and variance V2.  Therefore, a linear 
regression analysis was performed, on the log transformed variables, based 
on the least square method (Montgomery & Runger, 2006).   
The results of the linear regression analysis together with the plot of the 95% 
prediction limits are shown in Figure 8.2 and Figure 8.3.  The line of best fit is 
also shown in all graphs.   
For example, from Figure 8.2 it can be seen that, for an asphalt strain of 30 
microstrain, calculated with the MET method on a 3-layer pavement structure, 
it is expected that: 
x The best-fit predicted value of the BISAR asphalt strain is 46 microstrain 
x The predicted 95% lower limit of the BISAR asphalt strain is 33 microstrain 
x The predicted 95% upper limit of the BISAR asphalt strain is 65 microstrain 
  
 
Proposed model to predict the pavement design life Page 168  
 
 
Figure 8.2  Linear regression analysis for the asphalt strain 
 
Figure 8.3  Linear regression analysis for the subgrade strain 
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As anticipated, the MET method is not very accurate in the calculation of the 
asphalt strains because some of the formation layer properties are not taken 
into account.   
A similar analysis can be performed for the subgrade strains for which it is 
noted that the fitted regression line is very close to the line of best fit.  For 
example, from Figure 8.3 it can be seen that, for a subgrade strain of 30 
microstrain, calculated with the MET method on a 3-layer pavement structure, 
it is expected that: 
x The best-fit predicted value of the BISAR subgrade strain is 33 microstrain 
x The predicted 95% lower limit of the BISAR subgrade strain is 30 
microstrain 
x The predicted 95% upper limit of the BISAR subgrade strain is 36 
microstrain 
The prediction interval width is much narrower compared to the one referring 
to the asphalt strains.  The width of the prediction interval gives an indication 
of the error of the fitted model. 
This analysis has allowed the following conclusions to be reached in regard to 
the ratio of the MET and BISAR strains: 
x The MET/BISAR asphalt strain ratio varied from 0.31 to 1.55.  In other 
words, the values determined XVLQJ2GHPDUN¶VPHWKRGUDQJHGIURP-69% 
to +55% of the values from the theory of elasticity (BISAR). 
x The MET/BISAR subgrade strain ratio varied from 0.83 to 1.18.  In other 
ZRUGVWKHYDOXHVGHWHUPLQHGXVLQJ2GHPDUN¶VPHWKRGUDQJHGIURP-17% 
to +18% of the values from the theory of elasticity (BISAR). 
8.1.1.2 Model for performance prediction  
The same regression analysis principles described in the previous section 
were applied to the fatigue and deformation life values obtained with eq. (4.13) 
and eq. (4.14) for all the combinations of pavement structures considered in 
the analysis (see section 8.1).  The line of best fit is also shown in all graphs.  
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The results of the linear regression analysis together with plots of the 95% 
prediction limits are shown in Figure 8.4 and Figure 8.5.   
For example, from Figure 8.4 it can be seen that, for a calculated asphalt 
fatigue life of 30 msa (million standard axles), it is expected that: 
x The best-fit predicted value of the BISAR fatigue life is 15 msa 
x The predicted 95% lower limit of the BISAR fatigue life is 4 msa 
x The predicted 95% upper limit of the BISAR fatigue life is 60 msa 
Figure 8.4 shows that, despite a positive correlation between the two methods, 
the prediction interval is quite wide.  A similar analysis can be performed for 
the deformation life for which it is noted that the fitted regression line is very 
close to the line of best fit.  For example, from Figure 8.6 it can be seen that, 
for a calculated deformation life of 30 msa, it is expected that: 
x The best-fit predicted value of the BISAR deformation life is 25 msa 
x The predicted 95% lower limit of the BISAR deformation life is 17 msa 
x The predicted 95% upper limit of the BISAR deformation life is 37 msa 
The prediction interval width is much narrower compared to the one referring 
to the asphalt fatigue life values.  This is expected given the correspondingly 
narrower width of the subgrade strain prediction intervals.  
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Figure 8.4  Linear regression analysis for the fatigue life model (with eq 
4.13) from LR1132 report) 
 
 
Figure 8.5  Linear regression analysis for the deformation life model 
(with eq. 4.14 from LR1132 report) 
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8.1.2 Regression analysis for alternative 
fatigue model ² 2-layer pavement 
structure 
An alternative model is proposed that represents an improvement to the 
Method of Equivalent Thickness for the calculation of asphalt strains and 
fatigue life for flexible pavements.  The aim of the proposed analysis was to 
overcome the limitations of the MET approach by developing a model that 
accounted for the contribution of the formation layers in the calculation of the 
asphalt strain.  The proposed method transforms a 3-layer pavement structure 
(i.e. asphalt + subbase + subgrade) into a 2-layer structure (i.e. asphalt + 
Equivalent Foundation Modulus, EFM), see Figure 8.6, to which structure the 
MET method is applied for the calculation of the asphalt strain.  The main 
challenge was to find a suitable model for the Equivalent Foundation Modulus 
that together with the overlaying asphalt layer would give the same asphalt 
strain, under the same wheel load, as that of the original 3-layer pavement 
structure calculated with BISAR. 
 
Figure 8.6  Model for 3-layer pavement structure (left) and 2-layer 
pavement structure (right) used in the alternative model 
A first attempt to model the EFM foundation was to use the well-known concept 
RI³(TXLYDOHQW6XUIDFH)RXQGDWLRQ0RGXOXV´(6)0ZKLFKLVWKHPRGXOXVRI
a uniform elastic foundation that would give the same deflection, d0, under the 
same wheel load, as that of the actual road structure.  The calculation of the 
ESFM was made using a simplified method devised by Ullidtz and Peattie 
Contact radius: 0.151m Contact radius: 0.151m
Load: 40kN Load: 40kN
Asphalt layers Horizontal tensile strain Hr      Ea, Ta, Q = 0.35 Asphalt layers Horizontal tensile strain Hr      Ea, Ta, Q = 0.35
Subbase layers      Esb, Tsb, Q = 0.35 Equivalent Foundation Modulus (EFM)
     EFM, Q = 0.35
   Vz    Hz
Subgrade      Esg, Q = 0.35
E = layer stiffness (MPa) E = layer stiffness (MPa)
T = layer thickness (m) T = layer thickness (m)
Q = Poisson's ratio Q = Poisson's ratio
EFM in MPa units
Moving wheel load Moving wheel load
  Vertical compressive 
strain & stress
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(1980) that transforms a multi-layered elastic structure into an equivalent semi-
LQILQLWHVSDFHE\DVVXPLQJDVLQJOHYDOXHRI3RLVVRQ¶V ratio for all the layers, 
see eq. (8.3).   
 
0
0
212
d
a
ESFM VQ 
 
(8.3) 
where ESFM is the equivalent surface foundation modulus (MPa), ı0 is the 
applied stress (MPa), Ȟ LVDFRPPRQ3RLVVRQ¶VUDWLRIRUDOOWKe layers, a is the 
radius of loaded area (mm), and d0 is the total deflection of the surface of a 
structure (mm).  However, the results obtained from the application of this 
simplified model were poor and it was, therefore, abandoned. 
The next stage of the analysis was to calculate directly ± with a simple 
computer routine in Matlab ± what the Equivalent Foundation Modulus value 
should be for each 2-layer pavement structure (referred to subsequently as 
³()0BDFWXDO´LQRUGHUWRJLYHWKHVDPHDVSKDOWVWUDLQ under the same wheel 
load, as that of the original 3-layer pavement structure calculated before with 
BISAR.  This is schematically explained in Figure 8.7.  
 
Figure 8.7  Schematic diagram representing the process of finding 
EFM_actual   
Esg, Q= 0.35
Esb, Tsb, Q= 0.35
2 layer pavement 
structure  
Ea, Ta, Q= 0.35
EFM, Q= 0.35
3 layer pavement 
structure  
Ea, Ta, Q= 0.35
Assume 
EFM value 
Calculate 
asphalt 
strain value 
with MET
Compare 
asphalt 
strains
Adjust EFM 
value
Difference > 0
Calculated 
asphalt 
strain with 
BISAR 
Finalise EFM 
value 
(EFM_actual)
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The final stage of the analysis was to fit a relationship between the actual EFM 
calculated in Matlab (EFM_actual) and the foundation layer parameters (i.e. 
subbase thickness and stiffness, subgrade stiffness).  The following 
relationship was used first to combine the foundation layers of the original 3-
layer pavement structure into an Equivalent Foundation Modulus of the derived 
2-layer pavement structure: 
subbasea
subgradeasubbasesubbase
ha
EaEh
combinedEFM 
 _
 
(MPa) (8.4) 
where h is the layer thickness (m), E is the layer stiffness (MPa) and the 
coefficient aa was taken as being equal to the asphalt layer thickness Ta (m).  
A plot of the EFM calculated with eq. (8.4) above (EFM_combined) versus the 
actual EFM (EFM_actual) is shown in Figure 8.8, which still shows a relatively 
poor correlation between the two variables.  To reduce the scatter of the 
results, it was therefore decided to include the asphalt layer stiffness (Ea) in 
the final calculation of EFM.  The purpose was to express the actual EFM as 
a function of both the foundation layers (i.e. EFM_combined) and the asphalt 
layer stiffness (Ea).  Through the help of the DataFit curve fitting (nonlinear 
regression) software developed by Oakdale Engineering, the following 
empirical equation was found to give satisfactory results: 
1
22
22
1
2
1
***_
x
xfxe
x
d
xc
x
b
acalculatedEFM  
 
(MPa) (8.5) 
where x1 is the asphalt stiffness Ea (MPa), and x2 is the EFM_combined of the 
foundation layers, in MPa, calculated with eq. (8.5).  The coefficients a, b, c, d, 
e, and f are expressed as functions of the asphalt layer thickness Ta (m).  
These were found with the following procedure: 
The regression eq.(8.5) was applied to the set of data (i.e., EFM_combined 
and Ea) corresponding to a certain asphalt thickness group (i.e. Ta=0.1m, 
0.150m, etc).  Therefore, regression coefficients for each asphalt thickness 
group were found, see Table 8.2. 
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Table 8.2  Regression coefficients of eq. (8.5) for each asphalt thickness 
group 
 
x The next step was to express the regression coefficients found above as a 
function of the asphalt layer thickness (Ta).  Once again, through the help 
of the DataFit software developed, the following empirical equation was 
found to give satisfactory results: 
432),.(_Re x
E
x
D
x
C
x
BAaeicoeffgression  
 
(8.6) 
Where x is the asphalt layer thickness (Ta in m) and the coefficients A to E 
have the values shown in  
Table 8.3. 
Table 8.3  Regression coefficients of eq. (8.5) 
 
The improved results derived by implementing equations (8.4), (8.5) and (8.6) 
in the modelling of the Equivalent Foundation Modulus for the transformed 2-
layer pavement structure can be seen in Figure 8.9.  
Reg. 
Coef
Ta=0.1m Ta=0.15m Ta=0.2m Ta=0.3m Ta=0.4m Ta=0.5m
a 238.892617803 181.339596680 139.906903197 139.224354676 143.953204247 141.935547273
b
-946475.97944 -668181.15197 -489101.95708 -498607.50105 -538071.25860 -535510.05425
c 1.3603043574 1.0932459761 0.6335543295 0.0232151587 -0.2238739334 -0.3200034834
d 1231293543.97 793752731.63 470925847.05 385931159.33 430823513.98 435548188.02
e 0.00004193055 0.00022438727 0.00049635456 0.00078198610 0.00088296556 0.00091767814
f
-144.71522176 271.61920344 985.39688240 1874.59268950 2163.01838485 2220.14890993
Reg. 
Coef
Model; x = asphalt 
thickness (Ta)
A B C D E
a a = A+B/x+C/x2+D/x3+E/x4 26.606967401 129.912891954 -49.319548592 7.301332943 -0.345622247
b b = A+B/x+C/x2+D/x3+E/x4 -87667.529214 -535073.852860 213149.524856 -32034.952778 1521.194882
c c = A+B/x+C/x2+D/x3+E/x4 0.1691763061 -0.7465396808 0.3210524112 -0.0378270353 0.0014378311
d d = A+B/x+C/x2+D/x3+E/x4 201197630.36 361553695.08 -176829148.36 30981138.47 -1588370.81
e e = A+B/x+C/x2+D/x3+E/x4 0.000715335 0.000284491 -0.000112130 0.000010891 -0.000000320
f f = A+B/x+C/x2+D/x3+E/x4 668.2107947 1779.5723425 -634.9457631 71.8146871 -2.6928747
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Figure 8.8  EFM calculated with eq. (8.4) versus actual EFM (calculated 
with Matlab) 
 
Figure 8.9  EFM calculated with (8.5) versus actual EFM (calculated with 
Matlab)  
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8.1.2.1 Model for asphalt strains  
In order to implement the proposed model for the calculation of asphalt strains, 
the original 3-layer pavement structure must first be transformed into a 2-layer 
pavement structure by applying (8.4), (8.5) and (8.6).  The MET method is then 
applied to the derived 2-layer pavement structure to calculate the strain at the 
bottom of the asphalt layer.  After applying the conditions of validity of the MET 
method to the transformed 2-layer structure (i.e., Ea / EFM_calculated > 2 and 
he,2 > a) a total of 18597 out of the original 19024 combinations were 
considered. 
The plot of the asphalt tensile strains calculated with the MET method on the 
derived 2-layer pavement structure versus the asphalt tensile strains 
calculated with the BISAR software on the original 3-layer pavement structure 
is illustrated in Figure 8.10.  Figure 8.10 shows a clear improvement on the 
original model shown in Figure 8.2. 
 
Figure 8.10  Linear regression analysis for the asphalt strain with 
proposed model 
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The results of the linear regression analysis together with a plot of the 95% 
prediction limits and the line of best fit are shown in Figure 8.10.  For example, 
from Figure 8.10 it can be seen that, for an asphalt strain of 30 microstrain, 
calculated with the MET method on the 2-layer pavement structure, it is 
expected that: 
x The best-fit predicted value of the BISAR asphalt strain is 30 microstrain  
x The predicted 95% lower limit of the BISAR asphalt strain is 27 microstrain  
x The predicted 95% upper limit of the BISAR asphalt strain is 33 microstrain 
It can be seen that the proposed model offers a much better estimate of the 
asphalt tensile strain values when compared to the uncorrected MET 
approach, 93% of predictions falling within 10% of the BISAR-derived strain 
(compared to 14% for the uncorrected MET approach). 
8.1.2.2 Model for performance prediction 
The fatigue life was calculated for the asphalt strains derived using the 
alternative model.  The results of the linear regression analysis together with 
a plot of the 95% prediction limits are shown in Figure 8.11, together with the 
line of best fit.   
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Figure 8.11  Linear regression analysis for the fatigue life with proposed 
model 
For example, from Figure 8.11 it can be seen that, for a calculated asphalt 
fatigue life of 30 msa, it is expected that: 
x The best-fit predicted value of the BISAR fatigue life is 31 msa 
x The predicted 95% lower limit of the BISAR fatigue life is 21 msa 
x The predicted 95% upper limit of the BISAR fatigue life is 45 msa 
It can be seen that the proposed model offers a much better estimate of the 
mean asphalt fatigue life when compared to the traditional 3-layer pavement 
structure model in Figure 8.4.  The width of the prediction interval is also greatly 
reduced.  Therefore, this fatigue model will be used in this research. 
8.1.3 Regression analysis for alternative 
deformation model ² 3-layer pavement 
structure 
This section discusses an alternative deformation model developed in a similar 
way to that presented in sections 8.1.1.1 and 8.1.1.2 but which accepts a 
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µUHOD[DWLRQ¶LQRQHRIWKH0(7FRQGLWLRQV7KHSURSRVHGUHOD[DWLRQLVIRUWKH
ratio of subbase stiffness over subgrade stiffness to be greater than or equal 
to 1 while keeping all other conditions of validity of the MET method (i.e., 
Ea/Esb>2 and Esb/Esg>=1; he,2>a and he,3>a, where he,2 and he,3 are the 
transformed asphalt and subbase layer respectively).  The reason for 
introducing this alternative model lies in the observation that the ratios of 
subbase stiffness to subgrade stiffness resulting from backanalysis from real 
site data (see next chapter) was in many cases lower than 2.  Therefore, in 
order not to discard important information about real site variability an 
alternative model is suggested for both the calculation of subgrade strains and 
deformation life. 
The alternative model for subgrade strain is shown in Figure 8.12 while the 
alternative model for deformation life is shown in Figure 8.13.  The following 
observations are made: 
x The MET/BISAR subgrade strain ratio with the alternative model in Figure 
8.12 varies from 0.83 to 1.40 which is not very different from the values 
reported in section 8.1.1.1 (i.e., 0.83 to 1.18). 
x The MET/BISAR deformation life ratio with the alternative model in Figure 
8.13 varies from 0.27 to 2.05 which is also not very different from the values 
obtained using the model discussed in 8.1.1.2 (i.e., 0.52 to 2.05). 
x Following the above bullet points, because the variability introduced by the 
alternative model is not excessive, it is considered acceptable to use the 
alternative model for the calculation of subgrade strain and deformation life. 
Therefore, the alternative deformation model will be used in this research.  
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Figure 8.12  Linear regression analysis for the subgrade strain with 
alternative model 
 
Figure 8.13  Linear regression analysis for the deformation life with 
alternative model 
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8.1.4 Model correction 
This section explores the characteristics of the proposed models ± the fatigue 
and deformation models ± in Figure 8.11 and Figure 8.13 ± in terms of the ratio 
of the fatigue and deformation life (with LR1132 equations) predicted by the 
models (denoted here as Nfmodel and Ndmodel) over the life calculated with 
BISAR (denoted here as NfBISAR and NdBISAR), for different ranges of asphalt 
and subbase thicknesses, see Table 8.4 and Table 8.5.   
Table 8.4 and Table 8.5 show, for each range of asphalt and subbase 
thicknesses and for those points satisfying the model conditions (see section 
8.1.2.1 and 8.1), the following parameters: 
x the 15th, 50th and 85th percentile calculated from the actual ratio values (i.e. 
Nfmodel/NfBISAR); 
x the mean and standard deviation, and then the derived 15th and 85th 
percentile assuming a normal distribution for the ratio values; 
x the mean and standard deviation, and then the derived 15th and 85th 
percentile assuming a lognormal distribution for the ratio values.  The 
above parameters were calculated by estimating first the same parameters 
for the corresponding normal distribution (i.e. ln(Nfmodel/NfBISAR)). 
By looking at the shaded cells at the bottom of Table 8.4 and Table 8.5, which 
represent the overall values of the parameters in the bullet points above for 
the whole range of thicknesses considered, the following observations can be 
made: 
x The ratio of the life ± both fatigue and deformation with LR1132 equations± 
predicted by the model over the life calculated with BISAR can be 
approximated by a normal probability distribution.  This is because the 
mean and percentiles calculated with the assumptions of normal probability 
distribution are not very different from those calculated from the percentiles 
of the ratios. 
x For asphalt thicknesses up to 0.5m and subbase thicknesses up to 1m (i.e., 
all combinations considered in the model), the overall mean and standard 
deviation for the ratio of fatigue life predicted by the proposed model over 
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the life calculated with BISAR (i.e., Nfmodel/NfBISAR) are 1.03 and 0.30 
respectively. 
x For asphalt thicknesses up to 0.5m and subbase thicknesses up to 0.5m 
(i.e., representative of typical newly constructed pavements), the overall 
mean and standard deviation for the ratio of fatigue life predicted by the 
proposed model over the life calculated with BISAR (i.e., Nfmodel/NfBISAR) 
are 1.09 and 0.35.respectively. 
x For asphalt thicknesses up to 0.5m and subbase thicknesses up to 1m, the 
overall mean and standard deviation for the ratio of deformation life 
predicted by the proposed model over the life calculated with BISAR (i.e., 
Ndmodel/NdBISAR) are 1.06 and 0.33 respectively. 
x For asphalt thicknesses up to 0.5m and subbase thicknesses up to 0.5m, 
the overall mean and standard deviation for the ratio of deformation life 
predicted by the proposed model over the life calculated with BISAR (i.e., 
Ndmodel/NdBISAR) are 1.07 and 0.34 respectively. 
To account for the mean and standard deviation of the model bias (or of the 
proportional error), some corrections could be applied to the predicted (with 
model) life mean (i.e., PNf) and standard deviation values (i.e., VNf) (both in 
msa).  For example, considering the ratio parameters discussed above for 
asphalt thicknesses up to 0.5m and subbase thicknesses up to 0.5m, the 
correction for the mean value is: ߤே೑ሺܿ݋ݎݎ݁ܿݐ݁݀ሻ ൌ ߤே೑ ?Ǥ ? ? (8.7) 
$VIRUWKHFRUUHFWLRQRIWKHVWDQGDUGGHYLDWLRQWKH³UHDO´FRHIILFLHQWRIYDULDWLRQ
of the error needs to be calculated first:  
ܥܱ ௥ܸ௘௔௟ ൌ ඨ൥ቆߪே೑ߤே೑ቇଶ െ ൬ ?Ǥ ? ? ?Ǥ ? ?൰ଶ൩ (8.8) 
The correction for the standard deviation is then: ߪே೑ሺܿ݋ݎݎ݁ܿݐ݁݀ሻ ൌ ߤே೑ሺܿ݋ݎݎ݁ܿݐ݁݀ሻ כ ܥܱ ௥ܸ௘௔௟ (8.9) 
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As the error is not really random, in order to quantify systematic error of the 
design procedure it is recommended that only the correction to the mean is 
applied.  The ratio 1/1.09 (or 0.917) is RIWHQFDOOHGµSURIHVVLRQDO¶IDFWRUGHILQHG
as a representative ratio of the measured to predicted pavement performance, 
(also used by Kim, 2006).  This factor represents uncertainties of the 
assumptions and simplifications used in the proposed design model. 
  
 
Proposed model to predict the pavement design life Page 185  
 
Table 8.4  Ratio of fatigue life calculated with model over fatigue life 
calculated with BISAR 
 
  
15th 
per
50th 
per
85th 
perc
Nr pts that 
satisfy 
model 
conds
15th 
per
mean 85th 
perc
stdev COV Nr pts that 
satisfy 
model 
conds
15th 
per
mean 85th 
perc
stdev COV Nr pts that 
satisfy 
model 
conds
0.100 0.100 1.00 1.41 2.59 371 0.83 1.74 2.65 0.91 0.52 371 1.01 1.73 2.43 0.79 0.46 371
0.100 0.150 1.09 1.31 1.67 169 1.10 1.37 1.65 0.28 0.20 169 1.11 1.37 1.64 0.27 0.20 169
0.100 0.200 0.94 1.09 1.38 352 0.93 1.15 1.36 0.22 0.19 352 0.94 1.15 1.35 0.21 0.18 352
0.100 0.300 0.87 0.94 1.09 357 0.85 0.98 1.11 0.13 0.14 357 0.86 0.98 1.10 0.12 0.12 357
0.100 0.400 0.83 0.88 1.02 346 0.80 0.92 1.03 0.11 0.12 346 0.81 0.92 1.02 0.11 0.12 346
0.100 0.500 0.80 0.87 1.01 338 0.78 0.90 1.01 0.11 0.13 338 0.79 0.90 1.00 0.11 0.12 338
0.100 0.600 0.80 0.88 1.00 204 0.80 0.90 1.00 0.10 0.11 204 0.80 0.90 0.99 0.10 0.11 204
0.100 0.700 0.80 0.89 1.01 195 0.80 0.90 1.00 0.10 0.11 195 0.80 0.90 1.00 0.10 0.11 195
0.100 0.800 0.80 0.89 1.02 188 0.80 0.91 1.02 0.11 0.12 188 0.81 0.91 1.01 0.10 0.11 188
0.100 0.900 0.81 0.90 1.04 188 0.81 0.92 1.03 0.11 0.12 188 0.81 0.92 1.03 0.11 0.12 188
0.100 1.000 0.81 0.91 1.06 188 0.81 0.93 1.05 0.12 0.13 188 0.82 0.93 1.04 0.12 0.12 188
0.150 0.100 0.99 1.24 1.93 225 0.92 1.41 1.91 0.49 0.35 225 0.99 1.41 1.83 0.44 0.32 225
0.150 0.150 1.07 1.29 1.64 185 1.08 1.35 1.63 0.28 0.20 185 1.09 1.35 1.61 0.27 0.20 185
0.150 0.200 0.93 1.07 1.30 225 0.91 1.11 1.30 0.20 0.18 225 0.92 1.11 1.30 0.19 0.18 225
0.150 0.300 0.89 0.98 1.09 225 0.87 0.98 1.10 0.11 0.12 225 0.86 0.98 1.10 0.12 0.12 225
0.150 0.400 0.87 0.94 1.01 225 0.86 0.94 1.02 0.08 0.09 225 0.85 0.94 1.02 0.08 0.09 225
0.150 0.500 0.87 0.92 0.99 225 0.86 0.92 0.99 0.06 0.07 225 0.86 0.92 0.99 0.06 0.07 225
0.150 0.600 0.86 0.91 1.00 225 0.87 0.93 0.99 0.06 0.07 225 0.87 0.93 0.99 0.06 0.07 225
0.150 0.700 0.86 0.93 1.01 225 0.86 0.94 1.01 0.08 0.08 225 0.86 0.94 1.01 0.07 0.08 225
0.150 0.800 0.86 0.94 1.05 225 0.86 0.95 1.05 0.10 0.10 225 0.86 0.95 1.05 0.09 0.10 225
0.150 0.900 0.86 0.94 1.08 223 0.85 0.96 1.08 0.11 0.12 223 0.86 0.96 1.07 0.11 0.11 223
0.150 1.000 0.85 0.95 1.10 220 0.85 0.98 1.10 0.13 0.13 220 0.86 0.98 1.09 0.12 0.12 220
0.200 0.100 0.93 1.16 1.81 387 0.83 1.34 1.85 0.51 0.38 387 0.91 1.33 1.75 0.44 0.33 387
0.200 0.150 1.03 1.23 1.53 185 1.03 1.27 1.51 0.24 0.19 185 1.04 1.27 1.49 0.23 0.18 185
0.200 0.200 0.91 1.06 1.44 385 0.88 1.15 1.42 0.27 0.24 385 0.90 1.15 1.39 0.25 0.22 385
0.200 0.300 0.88 1.00 1.19 389 0.87 1.03 1.19 0.16 0.16 389 0.87 1.03 1.18 0.16 0.15 389
0.200 0.400 0.87 0.95 1.05 386 0.86 0.96 1.07 0.10 0.11 386 0.86 0.96 1.06 0.10 0.11 386
0.200 0.500 0.87 0.93 1.00 389 0.85 0.93 1.01 0.08 0.09 389 0.86 0.93 1.01 0.08 0.08 389
0.200 0.600 0.86 0.90 0.97 240 0.84 0.91 0.98 0.07 0.07 240 0.85 0.91 0.97 0.06 0.07 240
0.200 0.700 0.84 0.90 0.99 240 0.84 0.91 0.99 0.08 0.08 240 0.84 0.91 0.99 0.07 0.08 240
0.200 0.800 0.83 0.91 1.01 240 0.83 0.92 1.02 0.10 0.10 240 0.83 0.92 1.02 0.09 0.10 240
0.200 0.900 0.83 0.91 1.05 240 0.82 0.94 1.05 0.12 0.13 240 0.83 0.94 1.05 0.11 0.12 240
0.200 1.000 0.82 0.92 1.09 239 0.81 0.95 1.08 0.13 0.14 239 0.82 0.95 1.07 0.13 0.14 239
0.300 0.100 0.86 1.08 1.59 387 0.80 1.19 1.58 0.39 0.33 387 0.84 1.19 1.54 0.37 0.31 387
0.300 0.150 0.96 1.14 1.40 185 0.97 1.17 1.37 0.20 0.17 185 0.97 1.17 1.37 0.20 0.17 185
0.300 0.200 0.86 1.05 1.40 387 0.83 1.13 1.42 0.29 0.26 387 0.85 1.13 1.40 0.29 0.26 387
0.300 0.300 0.85 1.01 1.25 395 0.83 1.05 1.27 0.22 0.21 395 0.83 1.05 1.27 0.22 0.21 395
0.300 0.400 0.84 0.98 1.14 381 0.83 1.00 1.17 0.17 0.17 381 0.83 1.00 1.17 0.17 0.17 381
0.300 0.500 0.84 0.96 1.09 381 0.82 0.96 1.11 0.14 0.15 381 0.82 0.96 1.11 0.15 0.15 381
0.300 0.600 0.83 0.92 1.01 240 0.81 0.92 1.04 0.11 0.12 240 0.81 0.92 1.04 0.11 0.12 240
0.300 0.700 0.82 0.92 1.01 240 0.80 0.92 1.03 0.11 0.13 240 0.80 0.92 1.03 0.11 0.12 240
0.300 0.800 0.81 0.91 1.02 240 0.80 0.92 1.04 0.12 0.13 240 0.80 0.92 1.04 0.12 0.13 240
0.300 0.900 0.80 0.91 1.05 240 0.79 0.92 1.05 0.13 0.14 240 0.79 0.92 1.05 0.13 0.14 240
0.300 1.000 0.79 0.91 1.08 240 0.79 0.93 1.07 0.14 0.15 240 0.79 0.93 1.07 0.14 0.15 240
0.400 0.100 0.80 1.04 1.44 387 0.75 1.12 1.50 0.37 0.33 387 0.76 1.13 1.49 0.39 0.34 387
0.400 0.150 0.89 1.08 1.33 185 0.91 1.10 1.30 0.20 0.18 185 0.91 1.10 1.29 0.20 0.18 185
0.400 0.200 0.82 1.03 1.40 385 0.79 1.10 1.42 0.32 0.29 385 0.79 1.11 1.42 0.33 0.30 385
0.400 0.300 0.81 1.02 1.32 387 0.79 1.06 1.33 0.27 0.26 387 0.78 1.06 1.34 0.29 0.27 387
0.400 0.400 0.81 0.99 1.23 384 0.79 1.01 1.24 0.23 0.22 384 0.78 1.02 1.25 0.24 0.24 384
0.400 0.500 0.81 0.96 1.17 386 0.78 0.98 1.18 0.20 0.20 386 0.78 0.98 1.18 0.21 0.21 386
0.400 0.600 0.80 0.94 1.08 240 0.78 0.94 1.10 0.16 0.17 240 0.78 0.94 1.10 0.16 0.17 240
0.400 0.700 0.79 0.92 1.04 240 0.77 0.93 1.08 0.16 0.17 240 0.77 0.93 1.08 0.16 0.17 240
0.400 0.800 0.78 0.91 1.04 240 0.76 0.92 1.08 0.16 0.17 240 0.77 0.92 1.08 0.16 0.17 240
0.400 0.900 0.78 0.92 1.04 240 0.76 0.92 1.08 0.16 0.17 240 0.76 0.92 1.08 0.16 0.18 240
0.400 1.000 0.76 0.92 1.06 240 0.76 0.92 1.08 0.16 0.18 240 0.76 0.92 1.08 0.17 0.18 240
0.500 0.100 0.77 1.02 1.44 384 0.73 1.09 1.46 0.37 0.34 384 0.73 1.10 1.46 0.39 0.35 384
0.500 0.150 0.85 1.05 1.27 185 0.86 1.06 1.25 0.20 0.18 185 0.87 1.06 1.25 0.20 0.19 185
0.500 0.200 0.79 1.01 1.41 394 0.75 1.08 1.41 0.33 0.30 394 0.76 1.09 1.41 0.34 0.31 394
0.500 0.300 0.79 1.00 1.36 391 0.76 1.06 1.36 0.30 0.28 391 0.76 1.06 1.36 0.32 0.30 391
0.500 0.400 0.79 1.00 1.27 383 0.77 1.02 1.28 0.25 0.25 383 0.77 1.03 1.28 0.27 0.26 383
0.500 0.500 0.79 0.97 1.22 386 0.77 1.00 1.22 0.23 0.23 386 0.77 1.00 1.23 0.24 0.24 386
0.500 0.600 0.78 0.94 1.10 240 0.76 0.95 1.13 0.18 0.20 240 0.76 0.95 1.13 0.19 0.20 240
0.500 0.700 0.78 0.93 1.09 240 0.76 0.93 1.11 0.18 0.19 240 0.76 0.93 1.11 0.18 0.19 240
0.500 0.800 0.77 0.92 1.06 240 0.75 0.92 1.10 0.17 0.19 240 0.75 0.92 1.10 0.18 0.19 240
0.500 0.900 0.76 0.91 1.05 240 0.75 0.92 1.09 0.17 0.19 240 0.75 0.92 1.09 0.17 0.19 240
0.500 1.000 0.76 0.91 1.05 240 0.74 0.92 1.09 0.17 0.19 240 0.74 0.92 1.09 0.18 0.19 240
0 to 0.5m 0 to 1m 0.83 0.96 1.22 18597 0.74 1.03 1.33 0.30 0.29 18597 0.79 1.03 1.27 0.25 0.24 18597
0 to 0.5m 0 to 0.5m 0.85 1.01 1.34 11717 0.75 1.09 1.44 0.35 0.32 11717 0.81 1.09 1.37 0.29 0.27 11717
FROM PERCENTILES ASSUMING NORMAL DISTRIBUTION ASSUMING LOGNORMAL DISTRIBUTION
Nfmodel/NfBISAR (LR1132)Nfmodel/NfBISAR (LR1132)Asphalt 
thickness 
(m)
Subbase 
thickness 
(m)
Nfmodel/NfBISAR (LR1132)
  
 
Proposed model to predict the pavement design life Page 186  
 
Table 8.5  Ratio of deformation life calculated with model over 
deformation life calculated with BISAR 
 
  
15th 
per
50th 
per
85th 
perc
Nr pts that 
satisfy 
model 
conds
15th 
per
mean 85th 
perc
stdev COV Nr pts that 
satisfy 
model 
conds
15th 
per
mean 85th 
perc
stdev COV Nr pts that 
satisfy 
model 
conds
0.100 0.100 0.61 0.97 1.15 336 0.67 0.91 1.15 0.24 0.26 336 0.63 0.92 1.20 0.30 0.33 336
0.100 0.150 1.03 1.22 1.38 177 1.06 1.21 1.36 0.15 0.13 177 1.05 1.21 1.36 0.16 0.13 177
0.100 0.200 0.78 1.18 1.52 332 0.82 1.16 1.50 0.34 0.30 332 0.77 1.17 1.56 0.42 0.36 332
0.100 0.300 0.82 1.22 1.60 344 0.84 1.22 1.60 0.38 0.31 344 0.80 1.23 1.65 0.46 0.38 344
0.100 0.400 0.82 1.22 1.63 332 0.84 1.22 1.60 0.38 0.31 332 0.81 1.23 1.65 0.45 0.37 332
0.100 0.500 0.79 1.18 1.58 324 0.82 1.19 1.56 0.37 0.31 324 0.79 1.20 1.60 0.43 0.36 324
0.100 0.600 0.74 1.07 1.38 202 0.77 1.07 1.37 0.30 0.28 202 0.74 1.08 1.41 0.35 0.33 202
0.100 0.700 0.73 1.03 1.32 202 0.74 1.02 1.31 0.29 0.28 202 0.71 1.03 1.34 0.33 0.32 202
0.100 0.800 0.70 0.99 1.26 202 0.71 0.98 1.25 0.27 0.28 202 0.68 0.98 1.28 0.32 0.32 202
0.100 0.900 0.66 0.95 1.20 202 0.68 0.93 1.19 0.26 0.27 202 0.65 0.94 1.22 0.30 0.32 202
0.100 1.000 0.63 0.92 1.14 202 0.65 0.89 1.14 0.24 0.27 202 0.63 0.90 1.17 0.29 0.32 202
0.150 0.100 0.58 0.96 1.12 205 0.64 0.88 1.12 0.24 0.27 205 0.61 0.89 1.17 0.30 0.33 205
0.150 0.150 1.04 1.22 1.35 185 1.04 1.20 1.35 0.15 0.13 185 1.04 1.20 1.35 0.16 0.13 185
0.150 0.200 0.65 1.14 1.41 205 0.75 1.07 1.40 0.33 0.30 205 0.70 1.08 1.47 0.42 0.38 205
0.150 0.300 0.75 1.18 1.50 205 0.79 1.14 1.49 0.35 0.31 205 0.74 1.15 1.56 0.45 0.39 205
0.150 0.400 0.79 1.21 1.52 205 0.81 1.16 1.51 0.35 0.30 205 0.76 1.17 1.57 0.44 0.38 205
0.150 0.500 0.78 1.19 1.51 205 0.81 1.15 1.49 0.34 0.30 205 0.76 1.16 1.55 0.42 0.37 205
0.150 0.600 0.75 1.14 1.48 205 0.79 1.13 1.46 0.33 0.29 205 0.76 1.14 1.51 0.40 0.36 205
0.150 0.700 0.74 1.09 1.42 205 0.78 1.10 1.42 0.32 0.29 205 0.74 1.10 1.46 0.38 0.35 205
0.150 0.800 0.73 1.06 1.37 205 0.76 1.06 1.37 0.31 0.29 205 0.73 1.07 1.41 0.36 0.34 205
0.150 0.900 0.72 1.03 1.32 205 0.74 1.03 1.32 0.29 0.28 205 0.71 1.04 1.36 0.35 0.33 205
0.150 1.000 0.70 1.00 1.28 205 0.72 1.00 1.27 0.28 0.28 205 0.69 1.00 1.31 0.33 0.33 205
0.200 0.100 0.58 0.97 1.13 353 0.65 0.89 1.14 0.25 0.27 353 0.61 0.90 1.18 0.30 0.34 353
0.200 0.150 1.00 1.22 1.33 185 1.03 1.18 1.33 0.15 0.13 185 1.02 1.18 1.35 0.17 0.14 185
0.200 0.200 0.64 1.17 1.43 350 0.74 1.08 1.42 0.34 0.32 350 0.68 1.10 1.51 0.45 0.41 350
0.200 0.300 0.66 1.23 1.55 356 0.76 1.15 1.53 0.38 0.33 356 0.70 1.17 1.62 0.51 0.44 356
0.200 0.400 0.74 1.23 1.60 352 0.79 1.19 1.59 0.40 0.33 352 0.73 1.21 1.68 0.52 0.43 352
0.200 0.500 0.78 1.23 1.62 351 0.80 1.20 1.60 0.40 0.33 351 0.75 1.21 1.68 0.51 0.42 351
0.200 0.600 0.78 1.15 1.49 220 0.78 1.12 1.46 0.34 0.31 220 0.73 1.13 1.52 0.42 0.38 220
0.200 0.700 0.76 1.11 1.46 220 0.77 1.10 1.43 0.33 0.30 220 0.73 1.11 1.49 0.41 0.37 220
0.200 0.800 0.74 1.08 1.41 220 0.76 1.08 1.40 0.32 0.30 220 0.72 1.09 1.45 0.39 0.36 220
0.200 0.900 0.72 1.05 1.37 220 0.75 1.06 1.37 0.31 0.29 220 0.71 1.06 1.41 0.37 0.35 220
0.200 1.000 0.70 1.03 1.33 220 0.73 1.03 1.33 0.30 0.29 220 0.70 1.04 1.37 0.36 0.34 220
0.300 0.100 0.61 0.94 1.14 351 0.66 0.90 1.14 0.24 0.26 351 0.64 0.90 1.17 0.28 0.31 351
0.300 0.150 0.96 1.20 1.29 185 1.00 1.15 1.31 0.16 0.14 185 0.98 1.15 1.32 0.17 0.15 185
0.300 0.200 0.63 1.13 1.34 353 0.71 1.03 1.35 0.32 0.31 353 0.66 1.04 1.42 0.41 0.39 353
0.300 0.300 0.59 1.18 1.46 359 0.72 1.08 1.45 0.37 0.34 359 0.65 1.10 1.54 0.49 0.45 359
0.300 0.400 0.62 1.22 1.52 347 0.75 1.13 1.51 0.38 0.34 347 0.68 1.15 1.61 0.51 0.45 347
0.300 0.500 0.70 1.23 1.55 345 0.77 1.15 1.54 0.39 0.33 345 0.70 1.17 1.64 0.52 0.45 345
0.300 0.600 0.70 1.14 1.46 220 0.74 1.09 1.45 0.35 0.32 220 0.69 1.11 1.52 0.46 0.41 220
0.300 0.700 0.73 1.12 1.43 220 0.74 1.09 1.43 0.35 0.32 220 0.69 1.10 1.50 0.44 0.40 220
0.300 0.800 0.74 1.11 1.42 220 0.74 1.08 1.42 0.34 0.31 220 0.69 1.09 1.48 0.43 0.39 220
0.300 0.900 0.74 1.11 1.41 220 0.74 1.07 1.40 0.33 0.31 220 0.69 1.08 1.46 0.42 0.39 220
0.300 1.000 0.73 1.08 1.41 220 0.73 1.05 1.38 0.32 0.31 220 0.69 1.06 1.43 0.40 0.38 220
0.400 0.100 0.62 0.92 1.15 354 0.66 0.89 1.12 0.23 0.26 354 0.65 0.89 1.14 0.26 0.29 354
0.400 0.150 0.92 1.15 1.28 185 0.96 1.12 1.27 0.16 0.14 185 0.95 1.12 1.28 0.17 0.15 185
0.400 0.200 0.61 1.08 1.29 350 0.70 1.00 1.30 0.30 0.30 350 0.65 1.00 1.35 0.38 0.38 350
0.400 0.300 0.59 1.15 1.39 353 0.70 1.04 1.39 0.34 0.33 353 0.64 1.05 1.46 0.45 0.43 353
0.400 0.400 0.58 1.18 1.44 349 0.71 1.07 1.44 0.36 0.34 349 0.65 1.09 1.53 0.49 0.45 349
0.400 0.500 0.60 1.20 1.49 352 0.72 1.10 1.47 0.37 0.34 352 0.65 1.11 1.57 0.51 0.46 352
0.400 0.600 0.62 1.15 1.41 220 0.71 1.06 1.41 0.35 0.33 220 0.65 1.08 1.50 0.47 0.43 220
0.400 0.700 0.64 1.13 1.42 220 0.71 1.06 1.41 0.35 0.33 220 0.66 1.07 1.49 0.46 0.43 220
0.400 0.800 0.67 1.11 1.42 220 0.71 1.06 1.40 0.34 0.32 220 0.66 1.07 1.47 0.45 0.42 220
0.400 0.900 0.69 1.08 1.39 220 0.71 1.05 1.39 0.34 0.32 220 0.66 1.06 1.46 0.44 0.41 220
0.400 1.000 0.70 1.08 1.37 220 0.71 1.04 1.37 0.33 0.32 220 0.66 1.05 1.44 0.43 0.40 220
0.500 0.100 0.62 0.89 1.12 352 0.66 0.88 1.09 0.22 0.25 352 0.65 0.88 1.11 0.24 0.27 352
0.500 0.150 0.89 1.10 1.26 185 0.93 1.09 1.24 0.15 0.14 185 0.92 1.09 1.25 0.16 0.15 185
0.500 0.200 0.61 1.02 1.25 359 0.67 0.96 1.24 0.28 0.29 359 0.64 0.96 1.28 0.34 0.36 359
0.500 0.300 0.59 1.11 1.32 356 0.68 1.00 1.33 0.32 0.32 356 0.63 1.01 1.39 0.42 0.41 356
0.500 0.400 0.58 1.14 1.38 349 0.69 1.03 1.38 0.34 0.33 349 0.63 1.05 1.46 0.46 0.44 349
0.500 0.500 0.59 1.16 1.42 352 0.70 1.06 1.41 0.35 0.34 352 0.64 1.07 1.51 0.48 0.45 352
0.500 0.600 0.56 1.14 1.37 220 0.69 1.03 1.38 0.35 0.34 220 0.63 1.05 1.46 0.46 0.44 220
0.500 0.700 0.58 1.13 1.38 220 0.69 1.03 1.38 0.35 0.33 220 0.63 1.05 1.46 0.46 0.44 220
0.500 0.800 0.60 1.12 1.37 220 0.69 1.03 1.37 0.34 0.33 220 0.63 1.04 1.45 0.45 0.43 220
0.500 0.900 0.63 1.10 1.39 220 0.69 1.03 1.37 0.34 0.33 220 0.63 1.04 1.44 0.45 0.43 220
0.500 1.000 0.65 1.08 1.38 220 0.69 1.02 1.36 0.33 0.33 220 0.64 1.04 1.43 0.44 0.42 220
0 to 0.5m 0 to 1m 0.68 1.10 1.40 17273 0.73 1.06 1.40 0.33 0.31 17273 0.69 1.07 1.45 0.42 0.39 17273
0 to 0.5m 0 to 0.5m 0.67 1.12 1.40 10838 0.73 1.07 1.41 0.34 0.32 10838 0.69 1.08 1.47 0.42 0.39 10838
Ndmodel/NdBISAR (LR1132)
FROM PERCENTILES ASSUMING NORMAL DISTRIBUTION ASSUMING LOGNORMAL DISTRIBUTION
Asphalt 
thickness 
(m)
Subbase 
thickness 
(m)
Ndmodel/NdBISAR (LR1132) Ndmodel/NdBISAR (LR1132)
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8.2 Assessment of pavement structure 
modelling in backanalysis procedures 
When back-calculation analysis is carried out, the pavement model is typically 
modelled as a 3-layer structure (i.e., asphalt on top of subbase and subgrade).  
However, a 2-layer structure could also be employed (i.e., asphalt on top of 
µHTXLYDOHQW¶IRXQGDWLRQWKDWDFFRXQWVIRUWKHFRQWULEXWLRQRIERWKWKHVXEEDVH
and subgrade layers).  This sections aims to investigate the effect of the 
modelling structure (i.e., 3-layer versus 2-layer model) used in backcalculation 
SURFHGXUHVLQWKHDVVHVVPHQWRIERWKWKHOD\HUV¶VWLIIQHVVDQGRIWKHXOWLPDWH
performance life of the pavement. 
It should be noted that goodness of fit considerations were not taken into 
account when considering the back-analysed stiffness values. 
The following methodology was adopted for this activity: 
1. A selected number of pavement structures were considered (see Table 8.6) 
and deflections at 0.000, 0.300, 0.600, 0.900, 1.200, 1.500 and 2.100m 
distance were calculated with BISAR under a vertical load of 50kN, a load 
radius of 0.150PDQGD3RLVVRQ¶VUDWLRQ) of 0.35 for all layers. 
Table 8.6  Calculations of deflections with BISAR 
 
 
2. The layer stiffness was back-calculated with MODULUS, for both 3-layer 
and 2-layer pavement structures, with the range of layer stiffness shown in 
Table 8.7. 
Asphalt thickness (m) 0.200 0.300
Asphalt stiffness (MPa) 2500 3100 4700 6200 7000
Subbase thickness (m) 0.100 0.200 0.300 0.400 0.500
Subbase stiffness (MPa) 30 50 75 100 150 200 300 400 500
Qsg = 0.35 Subgrade stiffness (MPa) 15 30 50 100
d1 d2 d3 d4 d5 d6 d7
Distance (m) 0.000 0.300 0.600 0.900 1.200 1.500 2.100
Qa = 0.35
Qsb = 0.35
Deflections calculated with BISAR at:
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Table 8.7  Layer stiffness range used in back-calculation analysis with 
MODULUS 
 
3. Asphalt and subgrade strains were then calculated with BISAR for all 
combinations of values considered (under a vertical load of 40kN, a load 
radius of 0.151m DQGD3RLVVRQ¶V UDWLR Q) of 0.35 for all layers) for the 
following set of data: 
x The original set of data (3-layer). 
x The set of data with the layer stiffness back-calculated by using a 3-
layer model structure. 
x The set of data with the layer stiffness back-calculated by using a 2-
layer model structure. 
4. In the forward analysis with BISAR strains were calculated at the same 
depths for both the 3-layer and 2-layer model structures, see example in 
Table 8.8.   
Table 8.8  Example of back-calculation results for 3-layer and 2-layer 
model structures with MODULUS and location of asphalt and subgrade 
strains in subsequent forward analysis with BISAR 
 
The effect of the model structure on layer stiffness is summarised in Table 8.9 
and Table 8.10.  The tables shows the ratio of the layer back-analysed stiffness 
Min Max Q
Layer 1 Asphalt stiffness (MPa) 50 50000 0.35
Layer 2 Subbase stiffness (MPa) 28 1000 0.35
Layer 3 Subgrade stiffness (MPa) 7 0.35
Back-analysis with Modulus
Original structure 3L structure (from backanalysis)
2L structure (from 
backanalysis)
T (m) and E (MPa) T (m) and E (MPa) T (m) and E (MPa)
Asphalt Hr 0.100 , 2500 0.100, 2040 0.100, 2890
Subbase      Hz 0.100 , 30 0.100, 75 0.100, 15
  
0.099m 0.099m 0.099m
0.201m 0.201m 0.201m
T = thickness (m)
E = stiffness (MPa)
Hr calculated  at:
Hz calculated  at:
Subgrade
Layers & Strains 
Position
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IRUWKHPRGHOOHGSDYHPHQWVWUXFWXUHRYHUWKHRULJLQDOµWUXH¶YDOXHIRUH[DPSle, 
Easphalt-backanalysed/Easphalt-true).   
Table 8.9  Effect of 3-layer model structure on stiffness  
 
Table 8.10  Effect of 2-layer model structure on stiffness 
 
The following observations are made: 
x For the selected range of pavement structures considered in the analysis 
(i.e., asphalt thickness from 0.2m to 0.3m and subbase thickness from 0.1m 
to 0.5m), the ratio of layer back-DQDO\VHGVWLIIQHVVRYHUWKHRULJLQDOµWUXH¶
value for the 3-layer model structure has the following values: 
15th per 50th per 85th perc 15th per mean 85th perc 15th per mean 85th perc
0.200 0.100 0.83 0.96 1.07 0.65 1.20 4.05 1.00 1.00 1.00
0.200 0.200 0.92 0.99 1.12 0.60 1.00 1.34 1.00 1.00 1.00
0.200 0.300 0.96 0.99 1.04 0.93 1.00 1.10 1.00 1.00 1.00
0.200 0.400 0.97 0.99 1.03 0.93 1.00 1.02 1.00 1.00 1.00
0.200 0.500 0.98 1.00 1.03 0.93 1.00 1.00 1.00 1.00 1.00
0.300 0.100 0.91 0.99 1.08 0.33 1.15 4.63 1.00 1.00 1.00
0.300 0.200 0.85 1.00 1.12 0.53 1.00 2.91 1.00 1.00 1.00
0.300 0.300 0.93 1.00 1.10 0.60 1.00 1.60 1.00 1.00 1.00
0.300 0.400 0.94 1.01 1.08 0.83 1.00 1.33 1.00 1.00 1.00
0.300 0.500 0.96 1.01 1.07 0.80 1.00 1.17 1.00 1.00 1.00
0.2 to 0.3m 0 to 0.5m 0.92 1.00 1.07 0.74 1.00 1.60 1.00 1.00 1.00
Asphalt 
thickness 
(m)
Subbase 
thickness 
(m)
3L model for back-analysis
Easphalt-backanalysed/Easphalt-true Esubbase-backanalysed/Esubbase-true Esubgrade-backanalysed/Esubgrade-true
15th per 50th per 85th perc 15th per mean 85th perc 15th per mean 85th perc
0.200 0.100 0.99 1.09 1.27 0.08 0.28 1.00 1.00 1.00 1.00
0.200 0.200 0.99 1.24 1.70 0.10 0.29 1.00 1.00 1.00 1.33
0.200 0.300 0.99 1.39 2.27 0.10 0.29 1.00 1.00 1.00 1.33
0.200 0.400 0.99 1.55 2.81 0.10 0.30 1.00 1.00 1.15 1.33
0.200 0.500 0.99 1.69 3.26 0.10 0.30 1.00 1.00 1.20 1.33
0.300 0.100 1.00 1.05 1.14 0.08 0.28 1.00 1.00 1.00 1.00
0.300 0.200 1.00 1.12 1.34 0.10 0.29 1.00 1.00 1.00 1.10
0.300 0.300 1.00 1.20 1.57 0.10 0.29 1.00 1.00 1.00 1.33
0.300 0.400 1.00 1.27 1.80 0.10 0.30 1.00 1.00 1.10 1.33
0.300 0.500 1.00 1.33 2.04 0.10 0.30 1.00 1.00 1.20 1.33
0.2 to 0.3m 0 to 0.5m 0.99 1.20 1.90 0.10 0.30 1.00 1.00 1.00 1.33
Asphalt 
thickness 
(m)
Subbase 
thickness 
(m)
2L model for back-analysis
Easphalt-backanalysed/Easphalt-true Esubbase-backanalysed/Esubbase-true Esubgrade-backanalysed/Esubgrade-true
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x The 15th percentile is 0.92, the 50th percentile is 1.00 and the 85th 
percentile is 1.07 for the asphalt layer. 
x The 15th percentile is 0.74, the 50th percentile is 1.00 and the 85th 
percentile is 1.60 for the subbase layer. 
x The 15th percentile is 1.00, the 50th percentile is 1.00 and the 85th 
percentile is 1.00 for the subgrade layer. 
x For the selected range of pavement structures considered in the analysis, 
the ratio of layer back-DQDO\VHGVWLIIQHVVRYHUWKHRULJLQDO µWUXH¶value for 
the 2-layer model structure has the following values: 
x The 15th percentile is 0.99, the 50th percentile is 1.20 and the 85th 
percentile is 1.90 for the asphalt layer. 
x The 15th percentile is 0.10, the 50th percentile is 0.30 and the 85th 
percentile is 1.00 for the subbase layer. 
x The 15th percentile is 1.00, the 50th percentile is 1.00 and the 85th 
percentile is 1.33 for the subgrade layer. 
x The results suggest that the 3-layer model is the preferred model for the 
estimation of back-analysed layer stiffnesses and confirms that the back-
analysis with MODULUS and the forward analysis with BISAR are in good 
agreement. 
x The back-analysed layer stiffnesses are adversely affected when subbase 
layer thickness is below 200mm.  As generally a minimum thickness of 
150mm is recommended in the UK standards for the subbase layer, the 
results for thicknesses lower than 200mm can be discarded.  
The effect of the model structure on pavement performance is summarised in 
Table 8.1 and Table 8.12.  The tables shows the ratio of the performance life 
calculated with BISAR for the modelled pavement structure over the 
performance life calculated with BISAR for the original 3-layer pavement 
structure (for example, NfBISAR/NfBISAR_original), with LR1132 equations (Powell 
et al., 1984).  The following observations are made: 
x For the selected range of pavement structures considered in the analysis 
(i.e., asphalt thickness from 0.2m to 0.3m and subbase thickness from 0.1m 
to 0.5m), the ratio of the performance life calculated with BISAR for the 3-
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layer pavement structure over the performance life calculated with BISAR 
for the original 3-layer pavement structure has the following values: 
x The 15th percentile is 0.93, the 50th percentile is 0.99 and the 85th 
percentile is 1.05 for the fatigue life. 
x The 15th percentile is 0.82, the 50th percentile is 0.99 and the 85th 
percentile is 1.07 for the deformation life. 
x For the selected range of pavement structures considered in the analysis 
(i.e., asphalt thickness from 0.2m to 0.3m and subbase thickness from 0.1m 
to 0.5m), the ratio of the performance life calculated with BISAR for the 2-
layer pavement structure over the performance life calculated with BISAR 
for the original 3-layer pavement structure has the following values: 
x The 15th percentile is 0.92, the 50th percentile is 1.11 and the 85th 
percentile is 2.00 for the fatigue life. 
x The 15th percentile is 0.98, the 50th percentile is 2.47 and the 85th 
percentile is 4.57 for the deformation life. 
x The results suggest that the 3-layer model is definitely the preferred model 
for the calculation of the performance life.  However, if the designer is 
interested in the fatigue performance only of the pavement, then the 2-layer 
model could be employed.  
Table 8.11  Effect of 3-layer model structure on fatigue and deformation 
life with LR1132 equations  
 
15th per 50th per 85th 
perc
15th per 50th per 85th 
perc
0.200 0.100 0.90 0.98 1.06 0.62 0.93 1.03
0.200 0.200 0.91 0.96 1.01 0.84 0.98 1.09
0.200 0.300 0.92 0.97 1.02 0.92 0.98 1.02
0.200 0.400 0.93 0.97 1.04 0.96 0.99 1.03
0.200 0.500 0.94 0.98 1.04 0.96 0.98 1.02
0.300 0.100 0.90 1.01 1.15 0.67 0.99 1.47
0.300 0.200 0.95 1.01 1.05 0.71 0.99 1.56
0.300 0.300 0.96 1.00 1.05 0.85 1.00 1.13
0.300 0.400 0.95 1.01 1.06 0.83 1.00 1.08
0.300 0.500 0.95 1.01 1.08 0.95 1.00 1.11
0.2 to 0.3m 0 to 0.5m 0.93 0.99 1.05 0.82 0.99 1.07
FROM PERCENTILES
Asphalt 
thickness 
(m)
Subbase 
thickness 
(m)
NfBISAR/NfBISAR_original (LR1132) NdBISAR/NdBISAR_original (LR1132)
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Table 8.12  Effect of 2-layer model structure on fatigue and deformation 
life with LR1132 equations 
 
 
8.3 Summary and Conclusions 
A large number of computer programs have been developed for calculating 
stresses, strains and displacements in layered elastic systems, such as the 
BISAR software developed by Shell.  BISAR is believed to provide reasonably 
accurate values of stresses and strains in pavement response models but the 
main limitation is that only a maximum of 10 pavement structures can be 
analysed at a time and all input parameters need to be inserted manually by 
the user.  Consequently, the software is not suitable for obtaining stresses and 
strains for a large number of pavement structures.   
A simplified method for calculating stresses, strains and displacements in 
layered elastic systems LV UHSUHVHQWHGE\2GHPDUN¶V0HWKRGRI(TXLYDOHQW
Thicknesses (MET).   
Values of asphalt and subgrade strains were calculated with both the Method 
of Equivalent Thicknesses (MET) method and the BISAR software for a large 
number of flexible pavements (3-layer systems).  The analysis showed that, 
while subgrade strains were predicted acceptably well, differences greater 
than ±10% exist between the two methods in the case of the asphalt strains.  
15th per 50th per 85th 
perc
15th per 50th per 85th 
perc
0.200 0.100 0.86 0.95 0.99 0.97 2.12 2.57
0.200 0.200 0.96 1.17 1.42 0.97 2.83 4.62
0.200 0.300 0.96 1.57 2.31 0.97 3.35 5.72
0.200 0.400 0.96 2.00 3.90 0.98 3.63 5.84
0.200 0.500 0.96 2.50 5.85 0.98 3.66 5.62
0.300 0.100 0.83 0.96 1.00 1.00 1.91 2.24
0.300 0.200 0.92 1.01 1.04 1.00 2.43 3.14
0.300 0.300 0.99 1.11 1.32 1.00 2.84 4.43
0.300 0.400 1.00 1.29 1.61 1.00 3.02 4.58
0.300 0.500 1.00 1.42 2.08 1.00 3.23 4.56
0.2 to 0.3m 0 to 0.5m 0.92 1.11 2.00 0.98 2.47 4.57
FROM PERCENTILES
Asphalt 
thickness 
(m)
Subbase 
thickness 
(m)
NfBISAR/NfBISAR_original (LR1132) NdBISAR/NdBISAR_original (LR1132)
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To overcome some limitations of the MET method and, therefore, to reduce 
the differences between the two methods an alternative model was proposed, 
for the calculation of the asphalt strains.  An alternative model for the fatigue 
life was also introduced. 
This involves the calculation of an Equivalent Foundation Modulus (EFM), 
which in this analysis represents the contribution of both the foundation layers 
and the asphalt layer.  A linear regression analysis has been presented which 
allows the prediction of values of asphalt strain and fatigue life calculated with 
BISAR from those obtained with the MET methodology and with a relatively 
high level of confidence.  Approximately 93% of predicted strains were found 
to lie within 10% of the BISAR-GHULYHGYDOXHV$µSURIHVVLRQDO¶IDFWRULVDOVR
discussed which represents uncertainties of the assumptions and 
simplifications used in the proposed design model. 
Because of variability in subbase stiffness values found from real site data, an 
alternative deformation model was also introduced which accepts a relaxation 
in one of the MET conditions.  The proposed relaxation is for the ratio of 
subbase stiffness over subgrade stiffness to be greater than or equal to 1 while 
keeping all other conditions of validity of the MET method.  The alternative 
deformation model was demonstrated not to introduce a significant difference 
in variability when compared to the model where all the original MET conditions 
are satisfied (i.e., the one which only accepts Esubbase/Esubgrade >2). 
Finally, a comparison of results for selected pavement structures resulting from 
both 3-layer and 2-layer models employed in back-calculation analysis, has 
suggested that the preferred pavement model, for more reliable results in both 
back-analysed layer stiffnesses and performance lives (fatigue and 
deformation), is a 3-layer structure. 
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9 Monte Carlo simulation and design 
life probability distributions 
To predict pavement performance in terms of fatigue and deformation life ± by 
means of a forecasting model such as the one discussed in chapter 8 ± some 
assumptions must be made related to each pavement input variable.  As 
discussed in previous chapters, these variables are far from being certain.  
Probably the most popular method to estimate pavement performance life to 
account for uncertainty of input variables ± and hence to calculate the 
probability of failure of a pavement structure ± is to perform the simulation 
technique called Monte Carlo analysis.  The simulation basically consists of 
random sampling from probability distributions of the input variables to obtain 
approximate solutions to problems.  In this approach, uncertain inputs are 
modelled with probability distributions (such as the normal distribution), and 
random values for those inputs are generated by drawing from those 
distributions.  The input values are then used in a predictive model to generate 
an outcome.  The process is repeated many times (typically thousands or tens 
of thousands of times), resulting in a distribution of outcomes that can be used 
to answer questions of a probabilistic nature to determine behaviour, to 
analyse risk and more (IBM 2012).  
The use of the Monte Carlo Simulation (MSC) technique to evaluate the 
variation in predicted performance based on the variability of a set of input 
parameters for a specified pavement design section is recommended by many 
authors (Graves and Mahboub, 2007; Darter et al. 2005; Zhang and 
Piepmeyer, 2005; Timm et al., 2000).  The use of this technique in the context 
of reliability analysis in pavement design has been discussed in chapter 3.  
The purpose of this chapter is to show how the MCS technique could be used 
to predict output distributions of both fatigue and deformation performance, by 
treating data input of pavement design parameters as random variables.   
Finally, to support the outcome of the MCS the Method of Moments (MM), also 
fully described in chapter 3, is employed to assess performance variability.  
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9.1 Steps of Monte Carlo simulation for 
pavement performance analysis 
This section describes how the simulation has been carried out in this study 
together with assumptions made.  The steps of the analysis, see Figure 9.1, 
are: 
1. Input pavement structure and input variables 
The input pavement structure is a 3-layer model.  The input variables are: 
asphalt thickness (Ta), granular subbase thickness (Tsb), asphalt stiffness 
modulus (Ea), stiffness of the subbase (Esb), and the stiffness of the subgrade 
(Esg).  These variables have been chosen as having the most influence on the 
SDYHPHQWIDWLJXHDQGGHIRUPDWLRQOLIHVHHFKDSWHU3RLVVRQ¶VUDWLRIRUDOO
layers is assumed to be 0.35. 
2. Assign input probability distribution 
A normal probability distribution is selected for layer thickness (Ta and Tsb) 
while a lognormal probability distribution is selected for layer stiffness (Ea, Esb, 
and Esg).  The chosen probability distribution for each input is based on the 
findings of this research and is supported by the literature review (see Table 
2.1 in chapter 2). 
3. Generate random input variables 
A sample from the input variables is generated (i.e., N random numbers for 
each of the random variables will give N sets of random numbers, each set 
representing a realisation of the problem).  A sample N of 1000 points from 
probability distributions of the inputs has been considered.  The generation of 
random numbers for layer stiffness is easily performed in Matlab.  Also in 
Matlab ± based on the Fourier Analysis technique described in chapter 5 ± 
random asphalt and sub-base thickness profiles are generated which have 
similar frequency characteristics to the real case study profiles (i.e., same 
mean, standard deviation and probability distribution). 
4. Calculate response variables (fatigue and deformation life) 
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The improved Method of Equivalent Thickness model, discussed in chapter 8, 
is used to estimate the fatigue and deformation life for each generated 
pavement structure.   
It involves first the calculation of an Equivalent Foundation Modulus (EFM), 
then a linear regression model is used to predict values of fatigue and 
deformation life calculated with BISAR from those obtained with the MET 
methodology. Alternatively, BISAR could have been used to compute the 
values of fatigue and deformation life. This would results in an increased 
computational cost, but would lead to a smaller coefficient of variation of the 
results, as described in Section 8.1.4.  
5. Generate output probability distribution 
The model is processed for the sample size of N points generating N values 
for fatigue and deformation life.  During a simulation, the values of the input 
variables are generated randomly according to specified probability 
distributions as discussed in previous steps.  Only one iteration run of a 
particular Monte Carlo simulation is needed (i.e., repeated random sampling 
has not been done) because this is considered sufficient for the purpose of this 
analysis.  The focus of the research is to assess variability of pavement 
performance rather than its absolute values.  The results of the model (the 
fatigue and deformation life) for each run are computed and stored away for 
statistical analysis (mean, percentiles etc).  The expectation or mean value 
represents the (probability-weighted) average value of the results while the 
standard deviation of these results is then a measure of the spread of the 
results around the mean value and is known as the uncertainty. 
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Figure 9.1  Steps of Monte Carlo simulation for pavement performance 
analysis 
Input pavement structure & Input variables
Ea, Ta, Q = 0.35
Esb, Tsb, Q = 0.35
Esg, Q = 0.35
Ea, Esb, Esg = asphalt, subbase and subgrade layer stiffness (MPa)
Ta, Tsb = asphalt and subbase layer thickness (m)
Assign Input probability distribution
Lognormal probability distribution for layer stiffness (Ea, Esb, Esg)
Normal probability distribution for layer thickness (Ta, Tsb)
Generate random input variables
Calculate response variables (fatigue and deformation life)
Using improved MET discussed in chapter 8
Generate Output Probability Distribution
Asphalt layer
Subbase layer
Subgrade
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P(Ta) = 0.284m; V(Ta) = 0.004m; COV(Ta) = 1.44%
P(Tsb) = 0.171m; V(Tsb) = 0.016m; COV(Tsb) = 9.51%
Asphalt thickness (m)
Sub-base thickness (m)
Probability 
Uncertainty 
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9.1.1 Artificial adjustments to subbase 
stiffness (Esb) 
The subbase stiffness variation obtained from FWD backanalysis of the 
homogeneous sections in Table 7.3 (see also Table 9.1 and Table 9.2) was 
noted to be high compared to published values from available literature (see 
Table 2.1 in chapter 2).  The high uncertainty in the data is probably due to the 
small sample size derived from the cusum analysis, which was used to identify 
the homogeneous sections for each site (see paragraph 7.4).  Therefore, the 
available subbase stiffness variation was not considered representative of real 
subbase stiffness variations.   
The following adjustments were made: 
x While the back-calculated mean subbase stiffness values were retained, a 
fixed coefficient of variation (COV) of 30% (arbitrary chosen but within the 
range available from literature, see Table 2.1 in chapter 2) was introduced 
to derive the standard deviation.  The adjusted subbase stiffness values 
were used to generate a subbase stiffness probability distribution and to 
FDOFXODWH SHUIRUPDQFH OLIH  7KLV LV UHIHUUHG WR KHQFHIRUWK DV WKH µILUVW
adjuVWPHQW¶WRWKHVXEEDVHVWLIIQHVV 
x $µVHFRQGDGMXVWPHQW¶ZDVPDGHWRWKHVXEEDVHVWLIIQHVVWRRYHUFRPHWKH
problem of empty plots for deformation life.  Because the condition Esb/Esg 
 1 (ratio of subbase stiffness over subgrade stiffness to be greater or equal 
to 1 ± needed for use of MET) from the randomly generated values (with 
the parameters of the first adjustment) was never satisfied for some 
sections ± with resulting deformation life values being excluded from the 
analysis ± an algorithm was created to force the subbase stiffness to be 
equal to the subgrade stiffness whenever the condition Esb/Esb < 1 was 
encountered.  
To summarise, the set of subbase stiffness data resulting from the first 
adjustment (i.e. imposed COV of 30%) was used for fatigue life calculations 
while the set of subbase stiffness data resulting from the second adjustment 
(i.e. imposed Esb = Esg when Esb/Esb < 1) was used for deformation life 
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calculations.  The input data used for the simulation for each variable and 
section is summarised in Table 9.1 and Table 9.2.   
Table 9.1  Input variables for simulation 
 
  
Length 
(m)
Site Section From To P V COV COV 
(%)
P V COV COV 
(%)
P V COV COV 
(%)
220 M01 3 35160 35380 0.284 0.004 0.015 1.48 0.171 0.016 0.095 9.49 4060 1423 0.351 35.06
320 M01 16 36300 36620 0.298 0.007 0.023 2.33 0.088 0.020 0.224 22.40 4730 1716 0.363 36.28
200 M04 1 0 200 0.251 0.043 0.171 17.14 0.166 0.045 0.272 27.15 6406 3570 0.557 55.74
375 M04 10 875 1250 0.452 0.016 0.035 3.48 0.205 0.022 0.110 10.97 8105 1366 0.169 16.85
250 M04 20 1975 2225 0.449 0.010 0.023 2.26 0.257 0.031 0.119 11.89 7671 1016 0.132 13.25
275 M04 30 2675 2950 0.437 0.013 0.030 2.98 0.156 0.039 0.253 25.31 7875 1225 0.156 15.56
200 M04 37 3325 3525 0.443 0.008 0.018 1.81 0.147 0.013 0.092 9.17 7404 1114 0.150 15.05
370 M05 ACW 10 460 830 0.302 0.015 0.049 4.89 0.218 0.006 0.029 2.90 5780 1100 0.190 19.04
550 M05 ACW 11 830 1380 0.319 0.011 0.034 3.42 0.216 0.005 0.022 2.25 5631 807 0.143 14.34
250 M05 CW 4 350 600 0.333 0.013 0.038 3.79 0.195 0.047 0.243 24.30 2894 401 0.139 13.86
240 M05 CW 42 2270 2510 0.340 0.014 0.041 4.06 0.159 0.036 0.227 22.70 8106 2014 0.249 24.85
340 M07 NB 2 100 440 0.143 0.018 0.126 12.62 0.300 0.064 0.213 21.33 2730 2261 0.828 82.82
200 M07 NB 3 440 640 0.116 0.020 0.175 17.54 0.300 0.063 0.210 21.00 3281 1334 0.407 40.67
620 M07 NB 4 640 1260 0.191 0.025 0.131 13.10 0.300 0.063 0.210 21.00 7840 2256 0.288 28.78
340 M07 NB 5 1260 1600 0.255 0.019 0.073 7.26 0.300 0.065 0.217 21.67 5660 1813 0.320 32.04
200 M07 NB 6 1600 1800 0.230 0.008 0.035 3.54 0.300 0.062 0.207 20.67 3350 848 0.253 25.30
180 M07 SB 3 100 280 0.148 0.013 0.085 8.49 0.300 0.064 0.213 21.33 2100 1161 0.553 55.26
560 M07 SB 7 720 1280 0.189 0.011 0.060 6.00 0.300 0.060 0.200 20.00 9250 2575 0.278 27.84
220 M07 SB 8 1280 1500 0.257 0.009 0.035 3.52 0.300 0.056 0.187 18.67 6200 2298 0.371 37.06
300 M07 SB 12 1640 1940 0.235 0.008 0.036 3.60 0.300 0.059 0.197 19.67 3504 1134 0.324 32.37
300 M08 EB 4 180 480 0.245 0.017 0.068 6.78 0.300 0.063 0.210 21.00 1210 355 0.293 29.31
180 M08 EB 6 640 820 0.255 0.010 0.040 3.98 0.300 0.061 0.203 20.33 1450 227 0.156 15.63
240 M08 WB 2 100 340 0.243 0.026 0.105 10.50 0.300 0.061 0.203 20.33 4140 1680 0.406 40.57
400 M08 WB 5 920 1320 0.181 0.031 0.172 17.19 0.300 0.060 0.200 20.00 1331 408 0.306 30.64
Pavement site sections Asphalt thickness (m) Subbase thickness (m) Back-calculated & corrected  
asphalt stiffness (MPa)
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Table 9.2  Input variables for simulation ± adjustments to subbase 
stiffness 
 
9.2 Results of MCS for homogeneous 
sections 
The simulation steps described in section 9.1 have been repeated with input 
data from the homogeneous sections summarised in Table 9.1 and Table 9.2.  
Due to the small number of survey data points available for each 
homogeneous section, a random sample of 1000 points for each input variable 
was generated instead, with the mean and standard deviation values shown 
in Table 9.1 and Table 9.2.  A tabular summary of the statistical parameters of 
the fatigue and deformation life (in msa) is shown in Table 9.3 and Table 9.4. 
The tables also show the values of the mean and standard deviation of the 
calculated performance life corrected for the mean and standard deviation of 
the model bias (see paragraph 8.1.4).  A detailed graphical representation of 
the results can be seen in Appendix A4, but not corrected for the model bias 
(except for section M03 of site M01).  The probability distribution for the 
performance life, corrected for the model bias, are obtained by generating 
random numbers from the lognormal distribution with the corrected mean and 
Length 
(m)
Site Section From To P V COV COV 
(%)
P V COV COV 
(%)
P V COV COV 
(%)
P V COV COV 
(%)
220 M01 3 35160 35380 345 398 1.154 115.45 345 104 0.300 30.00 353 99 0.282 28.18 227 68 0.298 29.77
320 M01 16 36300 36620 83 59 0.715 71.49 83 25 0.300 30.00 200 35 0.174 17.39 199 34 0.170 17.02
200 M04 1 0 200 504 479 0.950 94.98 504 151 0.300 30.00 499 147 0.295 29.47 113 66 0.581 58.10
375 M04 10 875 1250 95 66 0.696 69.63 95 29 0.300 30.00 191 33 0.172 17.17 191 33 0.170 17.03
250 M04 20 1975 2225 401 379 0.945 94.48 401 120 0.300 30.00 398 109 0.274 27.39 257 21 0.081 8.10
275 M04 30 2675 2950 77 93 1.209 120.95 77 23 0.300 30.00 263 30 0.116 11.57 265 30 0.112 11.21
200 M04 37 3325 3525 60 45 0.748 74.84 60 18 0.300 30.00 180 42 0.231 23.06 182 42 0.229 22.90
370 M05 ACW 10 460 830 934 183 0.196 19.60 934 280 0.300 30.00 920 283 0.308 30.78 184 32 0.174 17.44
550 M05 ACW 11 830 1380 899 185 0.206 20.59 899 270 0.300 30.00 893 260 0.292 29.15 157 13 0.084 8.39
250 M05 CW 4 350 600 71 55 0.774 77.39 71 21 0.300 30.00 133 24 0.181 18.14 134 24 0.177 17.75
240 M05 CW 42 2270 2510 748 406 0.543 54.28 748 224 0.300 30.00 747 219 0.292 29.25 201 45 0.225 22.53
340 M07 NB 2 100 440 145 105 0.727 72.66 145 44 0.300 30.00 165 40 0.242 24.16 137 41 0.296 29.64
200 M07 NB 3 440 640 161 204 1.264 126.41 161 48 0.300 30.00 164 47 0.285 28.48 110 18 0.165 16.50
620 M07 NB 4 640 1260 227 216 0.953 95.34 227 68 0.300 30.00 231 61 0.265 26.50 157 32 0.203 20.27
340 M07 NB 5 1260 1600 57 23 0.404 40.42 57 17 0.300 30.00 187 45 0.239 23.89 187 44 0.233 23.30
200 M07 NB 6 1600 1800 73 71 0.966 96.61 73 22 0.300 30.00 190 43 0.225 22.51 189 46 0.242 24.18
180 M07 SB 3 100 280 232 292 1.261 126.07 232 70 0.300 30.00 242 63 0.262 26.18 176 37 0.209 20.90
560 M07 SB 7 720 1280 159 124 0.783 78.27 159 48 0.300 30.00 180 38 0.210 20.96 156 19 0.120 12.03
220 M07 SB 8 1280 1500 91 55 0.608 60.76 91 27 0.300 30.00 195 49 0.253 25.33 196 49 0.250 25.03
300 M07 SB 12 1640 1940 56 34 0.610 60.97 56 17 0.300 30.00 212 53 0.250 25.00 210 51 0.244 24.37
300 M08 EB 4 180 480 121 91 0.752 75.24 121 36 0.300 30.00 222 202 0.910 91.04 186 193 1.040 103.97
180 M08 EB 6 640 820 193 85 0.440 43.96 193 58 0.300 30.00 368 265 0.719 71.92 339 308 0.908 90.80
240 M08 WB 2 100 340 83 40 0.484 48.45 83 25 0.300 30.00 373 303 0.813 81.28 373 300 0.805 80.54
400 M08 WB 5 920 1320 61 71 1.163 116.27 61 18 0.300 30.00 156 174 1.116 111.58 144 186 1.291 129.09
2. Second adjustment to 
subbase stiffness (Esb=Esg 
when Esb/Esg<1) for 
deformation life calcs
Back-calculated 
subgrade stiffness (MPa)
Pavement site sections Original back-calculated 
subbase stiffness (MPa)
1. First adjustment to 
subbase stiffness (COV=30%) 
for fatigue life calcs
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standard deviation values, i.e. with Pcorrected and Vcorrected, see section M03 of 
site M01 in Appendix A4. 
Table 9.3  Fatigue life results from MCS  
 
  
Site Section P V COV 
(%)
5th 
perc
95th 
perc
Nr pts that satisfy 
model conds
Pcorrected Vcorrected COVreal (%)
M01 3 140 172 122.70 28 409 1000 129 152 118.42
M01 16 144 158 109.69 24 444 1000 132 138 104.88
M04 1 405 1300 321.08 9 1408 997 371 1187 319.47
M04 10 9321 5684 60.98 3176 19239 1000 8552 4433 51.84
M04 20 14116 6444 45.65 6467 25439 1000 12950 4203 32.45
M04 30 8117 4072 50.17 3359 16640 1000 7447 2870 38.55
M04 37 5842 2881 49.32 2390 11241 1000 5359 2006 37.44
M05 ACW 10 1390 1317 94.71 330 3513 1000 1275 1136 89.10
M05 ACW 11 1389 996 71.70 446 3281 1000 1275 817 64.10
M05 CW 4 38 21 54.09 15 78 1000 35 15 43.53
M05 CW 42 3526 2789 79.09 806 8526 1000 3235 2338 72.28
M07 NB 2 1 4 302.47 0 5 825 1 4 300.76
M07 NB 3 0 1 156.06 0 2 962 0 1 152.72
M07 NB 4 58 105 180.62 5 187 1000 53 95 177.74
M07 NB 5 64 78 123.02 7 203 1000 58 69 118.76
M07 NB 6 7 6 87.09 2 18 1000 6 5 80.95
M07 SB 3 1 2 122.69 0 4 836 1 1 118.41
M07 SB 7 48 49 102.24 9 133 1000 44 43 97.07
M07 SB 8 102 157 154.43 12 311 1000 93 141 151.06
M07 SB 12 10 12 112.05 2 32 1000 9 10 107.35
M08 EB 4 3 4 130.28 1 10 834 3 4 126.26
M08 EB 6 10 11 109.58 2 29 877 9 10 104.77
M08 WB 2 64 137 213.60 2 263 999 59 124 211.17
M08 WB 5 1 1 202.79 0 2 871 1 1 200.23
Fatigue life in msa (Nfmodel (LR1132)) Correction for model biasPavement site 
sections
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Table 9.4  Deformation life results from MCS 
 
9.3 Results of MM for homogeneous 
sections 
The Method of Moments (second moment method) was employed for 
comparison of the results obtained with the MCS. 
An example of the fatigue life calculations involved is presented below for the 
first homogeneous section (M01 section 3).  The input variables (mean and 
standard deviation) are: 
x PEa=4060 MPa and VEa=1423 MPa for the asphalt stiffness, with lognormal 
distribution; 
x PEsb=345 MPa and VEsb=104 MPa for the subbase stiffness, with lognormal 
distribution; 
Site Section P V COV 
(%)
5th 
perc
95th 
perc
Nr pts that satisfy 
model conds
Pcorrected Vcorrected COVreal (%)
M01 3 97 98 101.52 19 266 999 90 87 96.42
M01 16 61 57 93.79 12 159 1000 57 50 88.24
M04 1 85 220 258.45 2 310 999 80 204 256.49
M04 10 5552 3075 55.39 2058 11238 1000 5189 2354 45.36
M04 20 11130 4438 39.87 5534 19830 1000 10402 2505 24.08
M04 30 5416 2467 45.55 2411 10260 1000 5062 1652 32.64
M04 37 2812 1536 54.63 1048 5458 1000 2628 1168 44.44
M05 ACW 10 508 285 56.07 179 1064 1000 474 219 46.19
M05 ACW 11 478 187 39.12 234 839 1000 446 102 22.82
M05 CW 4 44 25 57.18 16 93 1000 41 20 47.54
M05 CW 42 1218 896 73.59 299 2969 1000 1138 756 66.37
M07 NB 2 3 6 226.96 0 9 991 2 5 224.72
M07 NB 3 1 1 112.41 0 3 997 1 1 107.83
M07 NB 4 69 124 179.18 6 225 1000 65 114 176.34
M07 NB 5 162 191 118.25 22 512 1000 151 172 113.90
M07 NB 6 39 43 109.98 6 119 1000 36 38 105.29
M07 SB 3 4 5 135.86 0 14 995 4 5 132.09
M07 SB 7 50 38 76.41 13 119 1000 47 33 69.49
M07 SB 8 204 215 105.31 33 658 1000 190 191 100.40
M07 SB 12 56 52 92.33 9 168 1000 53 46 86.69
M08 EB 4 20 109 558.90 0 83 948 18 102 558.00
M08 EB 6 68 175 255.55 2 279 895 64 162 253.57
M08 WB 2 595 1489 250.25 8 2547 996 556 1381 248.23
M08 WB 5 4 15 357.94 0 17 961 4 14 356.53
Deformation life in msa (Ndmodel (LR1132)) Correction for model biasPavement site 
sections
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x PEsg=227 MPa and VEsg=68 MPa for the subgrade stiffness, with lognormal 
distribution; 
x PTa=0.284m and VTa=0.004m for the asphalt thickness, with normal 
distribution; 
x PTsb=0.171m and VTsb=0.016m for the subbase thickness, with normal 
distribution; 
The steps described in chapter 3 are: 
1. The constant GP NfP NfPEa, PTa, PEsb, PTsb, PEsg) (e.g. the fatigue life 
performance function calculated with the mean value of each input 
variable) was calculated to be 109.047msa.  For a five-point estimate, 
using the inverse Rosenblatt transformation expressed as T-1(ui)=F-
1[)(ui)], where F=cumulative distribution of the input variable (Ea, Ta, Esb, 
Tsb, Esg), and ) = standard normal probability, the five estimating points 
can be easily transformed into original space as: 
T-1(ui)=exp [O+[*ui], where ¸¸¹
·
¨¨©
§
¸¸¹
·
¨¨©
§ 
2
1ln P
V] , 
25.0ln ]PO  
 
where P and V are the mean and standard deviation of the lognormal 
variable, or: 
T-1(ui)=P+V*ui  
where P and V are the mean and standard deviation of the normal 
variable. 
The Rosenblatt transformation of the five input variables are:  
x T-1(u2-)Ea=exp[(ln4060-
0.5x(ln(1+(1423/4060)2))+sqrt(ln(1+(1423/4060)2))x(-2.85697))]= 1448 
MPa, similarly T-1(u1-)Ea= 2415 MPa, T-1(u0)Ea= 3831 MPa, T-1(u1+)Ea= 
6079 MPa, T-1(u2+)Ea= 10135 MPa. 
x T-1(u2-)Esb= 143 MPa, T-1(u1-)Esb= 222 MPa, T-1(u0)Esb= 330 MPa,              
T-1(u1+)Esb= 492 MPa, T-1(u2+)Esb= 764 MPa. 
x T-1(u2-)Esg= 95 MPa, T-1(u1-)Esg= 147 MPa, T-1(u0)Esg= 218 MPa,                
T-1(u1+)Esg= 323 MPa, T-1(u2+)Esg= 500 MPa. 
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x T-1(u2-)Ta= 0.284+0.004*(-2.85697)= 0.272 m, T-1(u1-)Ta= 0.278 m,            
T-1(u0)Ta= 0.284 m, T-1(u1+)Ta= 0.290 m, T-1(u2+)Ta= 0.296 m. 
x T-1(u2-)Tsb= 0.125 m, T-1(u1-)Tsb= 0.149 m, T-1(u0)Tsb= 0.171 m,                  
T-1(u1+)Tsb= 0.193 m, T-1(u2+)Tsb= 0.217 m. 
2. Using the corresponding weights for a five point estimate, the first four 
moments of Nfvar (function in which all the basic random variables are 
evaluated with their mean values, except the basic random variable that 
appears in the index of the function) are approximately: 
 
EaNfP 134.583 msa,  EaNfV 130.276 msa,  EaNf3D 3.944,  EaNf4D 26.209 
Similarly, the first four moments of NfTa, NfEsb, NfTsb, NfEsg are: 
 
TaNfP 109.452msa,  TaNfV 9.884msa,  TaNf3D 0.247,  TaNf4D 3.106 
 
EsbNfP 111.399msa,  EsbNfV 29.573msa,  EsbNf3D 1.719,  EsbNf4D 8.494 
 
TsbNfP 108.993msa,  TsbNfV 1.814msa,  TsbNf3D -0.181,  TsbNf4D 3.065 
 
EsgNfP 111.822msa,  EsgNfV 32.380msa,  EsgNf3D 1.784,  EsgNf4D 8.894 
3. The first two moments of the performance function Nf can then be 
approximated to: 
PNf =  = 140.060msa 
VNf = 22222
EsgTsbEsbTaEa NfNfNfNfNf VVVVV   = 137.826 msa 
3
3
3
3
3
3
3
3
3
3
3
3
Nf
NfNfNfNfNfNfNfNfNfNf EsgEsgTsbTsbEsbEsbTaTaEaEa
Nf V
VDVDVDVDVDD  =3.371 
 
44
3261
Nf
sss
Nf VD
u 
 = 21.557 
Where: 
4
4
4
4
4
4
4
4
4
41 EsgEsgTsbTsbEsbEsbTaTaEaEa NfNfNfNfNfNfNfNfNfNfs VDVDVDVDVD  
=7565841681.2 
222222222222222
EsgTaTsbTaEsbTaEsgEaTsbEaEsbEaTaEa NfNfNfNfNfNfNfNfNfNfNfNfNfNfs VVVVVVVVVVVVVV  
=34539125.6 
2222223
EsgTsbEsgEsbTsbEsb NfNfNfNfNfNfs VVVVVV  =923260.36 
In the calculations above only performance fatigue values satisfying the model 
conditions were included in the calculations.  The moments of the performance 
PPPPPP NfEsgTsbEsbTaEa NfNfNfNfNf 4
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functions and reliability indices can also be easily calculated but are not 
included here as the main focus of the research is to assess variability of the 
performance life in terms of mean, standard deviation and probability 
distribution.  Similar calculations were performed for the deformation life.  To 
be consistent with the approach described for the deformation life the MCS 
simulation, wherever the subbase stiffness was less than the subgrade 
stiffness (including the Rosenblatt transformation for the subbase stiffness 
variable) for each point estimate, the subbase stiffness for that point estimate 
was forced to be equal to the subgrade stiffness.  A tabular summary of the 
statistical parameters of the fatigue and deformation life (in msa) calculated 
with the Method of Moments (second moment method) is shown in Table 9.5 
and Table 9.6. 
The tables also show the values of the mean and standard deviation of the 
calculated performance life corrected for the mean and standard deviation of 
the model bias. 
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Table 9.5  Fatigue life results from MM 
 
  
Site Section P V COV (%) Pcorrected Vcorrected COVreal (%)
M01 3 140 138 98.40 128 120 93.02
M01 16 152 183 120.85 139 162 116.50
M04 1 336 609 181.44 308 550 178.57
M04 10 9203 5070 55.10 8443 3780 44.77
M04 20 14136 5974 42.26 12969 3564 27.48
M04 30 8158 3897 47.77 7484 2647 35.36
M04 37 5751 2754 47.89 5276 1875 35.53
M05 ACW 10 1313 944 71.89 1205 775 64.32
M05 ACW 11 1413 920 65.08 1296 734 56.61
M05 CW 4 38 19 50.39 35 13 38.83
M05 CW 42 3602 2681 74.44 3305 2219 67.16
M07 NB 2 1 4 344.16 1 4 342.66
M07 NB 3 0 0 108.42 0 0 103.56
M07 NB 4 51 49 95.95 47 42 90.42
M07 NB 5 64 70 109.79 58 61 104.99
M07 NB 6 7 6 80.61 6 5 73.94
M07 SB 3 1 1 135.38 1 1 131.52
M07 SB 7 49 42 86.39 45 36 80.20
M07 SB 8 103 133 129.69 94 118 125.65
M07 SB 12 10 11 108.03 9 9 103.14
M08 EB 4 3 3 113.59 3 3 108.96
M08 EB 6 14 15 103.45 13 13 98.34
M08 WB 2 64 129 201.70 58 116 199.13
M08 WB 5 0 0 108.00 0 0 103.12
Predicted fatigue life (msa) with 
LR1132, with model and MM
Pavement site 
sections
Correction for model bias
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Table 9.6  Deformation life results from MM 
 
Finally, the fatigue and deformation life values that would derive from 
considering average values of each input variable, calculated both with the MM 
and with BISAR methods, are presented in Table 9.7.   
  
Predicted 
fatigue life 
(msa) with 
LR1132, with 
model and MM
Correction 
for model 
bias
Calculated 
fatigue life (msa) 
with LR1132, 
with BISAR
Predicted 
deformation 
life (msa) with 
LR1132, with 
model and MM
Correction 
for model 
bias
Calculated 
deformation life 
(msa) with 
LR1132, with 
BISAR
Site Section P (from 
average 
variables' 
values)
Pcorrected P (from average 
variables' 
values)
P (from 
average 
variables' 
values)
Pcorrected P (from average 
variables' 
values)
M01 3 109 100 111 82 77 133
M01 16 110 101 107 52 48 104
M04 1 149 137 160 43 40 38
M04 10 8244 7563 12179 5079 4746 12696
M04 20 13215 12124 19766 10746 10043 18000
M04 30 7487 6869 9731 5123 4788 11447
M04 37 5290 4853 6964 2586 2417 5767
M05 ACW 10 1095 1004 1205 475 444 413
M05 ACW 11 1229 1128 1355 471 440 392
M05 CW 4 34 31 32 40 37 94
M05 CW 42 3001 2753 3871 1065 996 1035
M07 NB 2 0 0 0 1 1 3
M07 NB 3 0 0 0 1 1 1
M07 NB 4 35 33 45 43 40 78
M07 NB 5 44 41 43 120 112 346
M07 NB 6 6 5 4 30 28 84
M07 SB 3 1 1 1 3 3 5
M07 SB 7 39 36 54 40 38 115
M07 SB 8 72 66 79 162 152 472
M07 SB 12 7 7 5 45 42 128
M08 EB 4 3 2 1 8 8 24
M08 EB 6 11 10 2 54 50 180
M08 WB 2 30 27 16 253 236 767
M08 WB 5 0 0 0 1 1 4
Pavement site 
sections
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Table 9.7  Fatigue and deformation lives from average values of input 
variables 
 
The following observations can be made on the resulting variability of 
performance life values: 
x The MCS simulation results for the probability distribution of both the 
fatigue and deformation life (shown in Appendix A4) show that a lognormal 
distribution can be fitted. 
x The mean fatigue and deformation life values obtained by MCS and by MM 
are comparable while the standard deviation values are larger for MCS.  
The larger variation is due to random combinations of input variables in the 
underlying data sets created by MCS (i.e., input variables chosen at 
random from a population having a large number of possible values).   
x The coefficient of variation (COV) for fatigue life of all sites resulting from 
MCS varies from a minimum of 46% to a maximum of 321%, and with an 
average value of 127%.  The corresponding COV values from MM vary 
Predicted fatigue life 
(msa) with LR1132, 
with model and MM
Calculated fatigue 
life (msa) with 
LR1132, with BISAR
Predicted deformation 
life (msa) with LR1132, 
with model and MM
Calculated deformation 
life (msa) with LR1132, 
with BISAR
Site Section P (from average 
variables' values)
P (from average 
variables' values)
P (from average 
variables' values)
P (from average 
variables' values)
M01 3 109 111 82 133
M01 16 110 107 52 104
M04 1 149 160 43 38
M04 10 8244 12179 5079 12696
M04 20 13215 19766 10746 18000
M04 30 7487 9731 5123 11447
M04 37 5290 6964 2586 5767
M05 ACW 10 1095 1205 475 413
M05 ACW 11 1229 1355 471 392
M05 CW 4 34 32 40 94
M05 CW 42 3001 3871 1065 1035
M07 NB 2 0 0 1 3
M07 NB 3 0 0 1 1
M07 NB 4 35 45 43 78
M07 NB 5 44 43 120 346
M07 NB 6 6 4 30 84
M07 SB 3 1 1 3 5
M07 SB 7 39 54 40 115
M07 SB 8 72 79 162 472
M07 SB 12 7 5 45 128
M08 EB 4 3 1 8 24
M08 EB 6 11 2 54 180
M08 WB 2 30 16 253 767
M08 WB 5 0 0 1 4
Pavement site 
sections
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from a minimum of 42% to a maximum of 344%, and with an average value 
of 108%. 
x The coefficient of variation for deformation life of all sites resulting from 
MCS varies from a minimum of 39% to a maximum of 559%, and with an 
average value of 144%.  The corresponding COV values from MM vary 
from a minimum of 38% to a maximum of 151%, and with an average value 
of 87%. 
x If sites M07 and M08 are excluded (sites with thin asphalt layer), the 
coefficient of variation (COV) for fatigue life of sites M01 to M05 resulting 
from MCS varies from a minimum of 46% to a maximum of 321%, and with 
an average value of 96%.  The corresponding COV values from MM vary 
from a minimum of 42% to a maximum of 181%, and with an average value 
of 78%. 
x If sites M07 and M08 are excluded (sites with thin asphalt layer), the 
coefficient of variation (COV) for deformation life of sites M01 to M05 
resulting from MCS varies from a minimum of 39% to a maximum of 258%, 
and with an average value of 80%.  The corresponding COV values from 
MM vary from a minimum of 38% to a maximum of 136%, and with an 
average value of 65%. 
x The above results for the coefficient of variation refer to the uncorrected 
values of the mean and standard deviation of the performance life.  If 
correction for model bias is applied, the coefficient of variation is, on 
average, approximately 10% lower.  
x The comparison between the mean fatigue life value calculated with BISAR 
(with mean values of the input parameters) and that calculated with MCS 
and/or MM shows that the BISAR approach provides the most conservative 
design (i.e. mean fatigue values calculated with BISAR are less than those 
calculated with MCS and/or MM).   
x The comparison between the mean deformation life value calculated with 
BISAR (with mean values of the input parameters) and that calculated with 
MCS and/or MM shows that the MCS and/or MM approaches provide the 
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most conservative design (i.e. mean deformation values calculated with 
MCS and/or MM are less than those calculated with BISAR).   
9.4 Effect of correlation between variables 
This section briefly explores the effect of correlation between variables on the 
calculated performance life.  )RU H[DPSOH OHW¶V VXSSRVH WKDW WKH DVSKDOW
thickness and asphalt stiffness are negatively correlated.  The degree of 
correlation used here was taken from Clause 5.28 in HD 29/08 (see section 
2.6.3.1): 
 
 
Figure 9.2  Negative correlation between variables 
Figure 9.2 shows how the equation to apply to the stiffness data was 
FDOFXODWHG)RUH[DPSOHOHW¶VWDNH6HFWLRQRIVLWH0DQGOHW¶VDVVume 
that 0.284m and 4060MPa are the real section asphalt layer thickness and 
stiffness.  Random values for the input parameters (relative to Section 3) were 
created with the procedure discussed in the previous sections.  To the 
randomly generated values of the asphalt stiffness (i..e, uncorrelated) the 
equation in Figure 9.2 was then applied to simulate correlation.  The results of 
the fatigue and deformation life for Section 3 of site M01 ± for both cases of 
uncorrelation and correlation between asphalt thickness and asphalt stiffness 
± are shown in Table 9.8 and in Figure 9.3 to Figure 9.6.  The results show 
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that if the negative correlation is not considered (i.e., asphalt thickens and 
asphalt stuffiness are assumed uncorrelated), a larger than real uncertainty in 
performance will result.  
Table 9.8  Fatigue and deformation life results for Section 3 of site M01 
± effect of correlation between asphalt thickness and asphalt stiffness  
 
 
Figure 9.3  Fatigue life for Section 3 of site M01 ± uncorrelated variables 
P V COV (%) P V COV (%)
140 172 122.70 97 98 101.52
P V COV (%) P V COV (%)
111 44 39.22 85 47 55.73
Calculated fatigue life (msa) 
with LR1132, uncorrelated 
variables
Calculated deformation life 
(msa) with LR1132, 
uncorrelated variables
Calculated fatigue life (msa) 
with LR1132,correlated 
variables
Calculated deformation life 
(msa) with LR1132, correlated 
variables
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Figure 9.4  Deformation life for Section 3 of site M01 ± uncorrelated 
variables 
 
Figure 9.5  Fatigue life for Section 3 of site M01 ±correlated variables 
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Figure 9.6  Deformation life for Section 3 of site M01 ± correlated 
variables 
9.5 Conclusions 
This chapter has presented two methods to estimate the variability of the 
fatigue and deformation life of a pavement structure to account for uncertainty 
of input variables, namely the MCS and the MM method. 
Both methods have been shown to give similar results in terms of variability as 
expressed by the coefficient of variation (COV).  For the range of sites 
considered in this research ± excluding the sites with thin asphalt layer ± the 
average coefficient of variation (COV) for fatigue and deformation life (not 
corrected for model bias) from the two methods can be assumed to be ~90% 
and ~70% respectively.  The probability distribution that best fits both fatigue 
and deformation lives has been shown to be lognormal.   
Finally, the research has shown that when considering the mean values only 
of the input variables the fatigue life results are conservative compared to 
those obtained by considering full variability of all the input variables.  
However, the opposite is true for the deformation life, i.e. the mean deformation 
life is underestimated when variability of the input variables is not considered. 
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10 Conclusions and 
Recommendations 
The research has confirmed that variability of key pavement design input 
variables ± but excluding the variability of the traffic loading ± and variations 
due to lack-of-fit of the design models affect the pavement performance.  
Variations of input design parameters and errors related to the model bias have 
been discussed and quantified, as well as resulting variations of pavement 
performance (in terms of fatigue and deformation life).  Variability has been 
described by statistical terms such as mean and standard deviation and by its 
probability density distribution.  A useful dimensionless way of expressing the 
YDULDELOLW\RIDPDWHULDO¶VSURSHrty was to use the ratio of the standard deviation 
over the mean, known as coefficient of variation (COV). 
7KHJRDORIWKLVZRUNZDVWRGHYHORSDµJDXJH¶IRUDSSOLFDWLRQIRUDUDQJHRI
circumstances, e.g. at design stage and/or any time after pavement 
construction.  The research concentrated on flexible pavements only, i.e. 
asphalt layer on top of granular subbase and subgrade.  What goes into the 
gauge is the main pavement design input parameters: the asphalt layer 
thickness and stiffness, the subbase layer thickness and stiffness and the 
subgrade stiffness.  Each of the input variables is described by mean, standard 
deviation and probability distribution.  The output is a statistical assessment of 
the estimated pavement performance which is not a single deterministic result 
that would derive by considering average values of input variables but rather 
a range of values and probability of any particular outcome.  The proposed 
model to calculate the fatigue and deformation life is very fast and simple, can 
be included in a spreadsheet or used in a pavement management system 
where stresses and strains must be calculated millions of times.  Both fatigue 
and deformation life are described by a lognormal distribution for which a 
statistical analysis and risk evaluation can be performed.  Therefore, this 
method makes structural analysis of pavements a more practical and 
convenient tool for engineers.   
Risk assessment for the design, construction and performance of pavements 
is essential.  Risk analysis combines probability descriptions of uncertain 
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variables and computer simulation to characterise risk associated with the 
outcome.  The implications of the proposed methodology in terms of improved 
grasp of design risk could be significant and it could offer an attractive tool for 
designers and contractors to economically evaluate this risk.  Given that some 
variability is expected with the major input design parameters (i.e., their values 
are not fixed), it is possible that these variations can greatly decrease the 
expected performance of the pavement structure being designed.  Inadequate 
pavement performance may include premature pavement defects such as 
rutting and cracking, excessive localised deflections, stripping in asphalt and 
other surface distress types. 
Therefore, understanding and assessing the risk to the pavement performance 
throughout its design life is of paramount importance for both design and 
maintenance aspects.  The risks associated with variability of materials leading 
to potential inadequate pavement performance could be managed more 
HIIHFWLYHO\ GXULQJ WKH GHVLJQ VWDJH  $OWKRXJK WKH ULVN FDQ¶W EH FRPSOHWHO\
removed, through enhancing the pavement design, the risk can be managed.   
Also, recognising the uncertainty of input variables and the uncertainty that this 
variability creates in the results is of paramount importance in conducting a 
Life-cycle cost-analysis (LCCA).  Highway authorities could apply the 
probabilistic approach to their current life-cycle cost-analysis procedures.  As 
discussed in Herbold (2000), then they can answer three basic questions:  
What can happen?  How likely is it to happen?  What are the consequences if 
it happens? It should be noted though that this research does not include the 
predictive modelling for pavement deterioration which is required when doing 
LCCA.  The proposed methodology is intended to be applied to the results of 
any predictive modelling techniques.  By adopting a probabilistic approach to 
LCCA, the analyst can advise the decision-maker about the risks associated 
with various courses of action and the probability of an outcome actually 
occurring.  By applying this information, the decision-maker can select the 
best, most cost-effective solutions to provide the greatest long-term benefits. 
Finally, the results of this research could form the basis for revising acceptance 
values of construction tolerances.  This study has shown that the effect of 
variability on performance is important and how much effort is still needed to 
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go toward achieving low variability.  More specific and precise knowledge of 
the effect of variability could allow this property to be rationally incorporated 
into specifications and to form a defensible basis for price adjustment systems 
for contractor quality. 
This chapter summarises the main conclusions from each chapter and finally 
presents some recommendations for future research.  
10.1 Examples of risk application of 
proposed research 
A couple of examples of how the proposed methodology could be used for risk 
analysis is presented in this section.  
The input parameters for the sections of road of interest could come from real 
site investigation data (such as for the sections discussed here) or could be 
the result of research activities to assess the impact of input design parameters 
variability.  The practical application of the research activities discussed and 
shown in Figure 3.9 are reproduced in Figure 10.1, which also includes 
reference to the relevant chapters in the thesis.   
 
Figure 10.1  Practical application of the research activities shown in 
Figure 3.9 
Generate output probability distribution
From real site data From Monte Carlo simulation (chapter 9)
From Method of Moments 
(chapter 9)
Calculate fatigue and deformation life as a function of design input parameters 
Using BISAR (chapter 8) Using MET (chapter 8) Using improved MET method (chapter 8)
Generate input variables
From real site data From artificial generation (chapter 5, chapter 9) 
Characterise variability of the major design input parameters by statistical terms such as 
mean and standard deviation and by their probability density distribution.
Asphalt and subbase layer 
thickness variability (chapter 5)
Asphalt stiffness modulus 
variability (chapter 6)
Subgrade stiffness modulus 
variability (chapter 7)
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Two different sections of a motorway, corresponding to section 4 of site M05 
CW and section 6 of site M07 NB, were studied.  The mean and standard 
deviation values of the fatigue and deformation life without model correction 
are obtained from Table 9.3 and Table 9.4, and reproduced in Table 10.1. 
Table 10.1  Parameters of performance life for hypothetical section, for 
example Section 4 of site M05 CW and Section 6 of site M07 NB 
 
Both fatigue and deformation life are described by a lognormal distribution for 
which a statistical analysis can be performed.  Because of the similarities 
between the normal and lognormal distributions, the calculation of the 
probability of an event when a random variable is lognormal is relatively easy.   
Suppose the following questions need to be answered: For section 4 of site 
M05 CW, what is the probability that the fatigue life exceeds 20msa?  What is 
the probability that the fatigue life is less than 10msa? What fatigue life value 
is exceeded by 99.9% of the points?  What fatigue life value is not exceeded 
by 99.9% of the points? 
The answer to the first and second problem can be calculated in the same way 
as for the normal variables, except that for the lognormal case, the standard 
variable S is expressed as: 
 
where X is a lognormal variable and OX and [X are the two parameters (mean 
and standard deviation) of the lognormal distribution.  The cumulative 
distribution function of the standard normal distribution )() can be obtained 
from standard tables.  If follows that: ܲሺܺ ൐  ? ?ሻ ൌ Ȱ ቀ௟௡ଶ଴ିଷǤହ଴Ǥହ ቁ ൌ Ȱሺെ ?Ǥ ? ?ሻ ൌ  ?Ǥ ? ? ?݋ݎ ? ?Ǥ ? ?  ܲሺܺ ൏  ? ?ሻ ൌ Ȱ ቀ௟௡ଵ଴ିଷǤହ଴Ǥହ ቁ ൌ Ȱሺെ ?Ǥ ? ?ሻ ൌ ሺ ? െ  ?Ǥ ? െ  ?Ǥ  ? ? ?ሻ ൌ  ?Ǥ ? ? ?݋ݎ ?Ǥ ? ?  
Performance life P V COV (%) Probabilty distribution
Fatigue 38 21 0.6 3.5 0.5 Lognormal
Deformation 44 25 0.6 3.6 0.5 Lognormal
Fatigue 7 6 0.9 1.7 0.7 Lognormal
Deformation 39 43 1.1 3.3 0.9 Lognormal
Pavement site 
sections
M05 CW 4
M07 NB 6
ૃ ൌ ܔܖૄ െ ૙Ǥ ૞૆૛ ૆ ൌ ܔܖ ૚ ൅ ોૄ ૛
 
X
XXS ]
O ln
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Similarly, the answer to the third and fourth question can be calculated thus: ܲሺܺ ൐ ݔሻ ൌ Ȱ ൬݈݊ܺ െ  ?Ǥ ? ?Ǥ ? ൰ ൌ  ?Ǥ ? ? ൬݈݊ܺ െ  ?Ǥ ? ?Ǥ ? ൰ ൌ െ ?Ǥ ? ?՜ ݈݊ܺ ൌ  ?Ǥ ? ?՜ ܺ ؆  ? ?݉ ݏܽ ܲሺܺ ൏ ݔሻ ൌ Ȱ ൬݈݊ܺ െ  ?Ǥ ? ?Ǥ ? ൰ ൌ  ?Ǥ ? ? ൬݈݊ܺ െ  ?Ǥ ? ?Ǥ ? ൰ ൌ  ?Ǥ ? ?՜ ݈݊ܺ ൌ  ?Ǥ ? ?؆  ? ? ?݉ ݏܽ 
The same calculations were carried out for the deformation life, see results in 
Table 10.2. 
The same approach can be used for the M07 segment, with the outcomes 
shown in Table 10.2.  For example, the probability that the fatigue life is less 
than 2msa is 7.5% and 99.9% of the points have a fatigue life less than 28msa. 
Table 10.2  Example of statistical analysis of fatigue and deformation 
life results for risk analysis  
 
Therefore, the probabilistic approach offers a simple and practical tool for an 
H[SHUW WR DVVHVV WKH LPSDFW RI LQSXW GHVLJQ SDUDPHWHUV¶ YDULDELOLW\ RQ WKH
expected performance life for a particular site.  The design risk can be 
calculated and economically priced. 
10.2 Summary of main conclusions 
10.2.1 Variability in pavement design (chapter 
2) 
Three basic types of variations were encountered in flexible pavement 
designs: variations within a design length (i.e. a section with nominally uniform 
pavement thickness and materials type); variations between design and actual 
z 
value
lnX x 
(msa)
z 
value
lnX x 
(msa)
Fatigue 38 21 0.6 3.5 0.5 20 84.3% 15.7% 0.99 2.33 4.66 106 -2.33 2.34 10
Fatigue 38 21 0.6 3.5 0.5 10 99.2% 0.8% 0.99 2.33 4.66 106 -2.33 2.34 10
Deformation 44 25 0.6 3.7 0.5 20 92.1% 7.9% 0.99 2.33 4.86 129 -2.33 2.54 13
Deformation 44 25 0.6 3.7 0.5 10 99.7% 0.3% 0.99 2.33 4.86 129 -2.33 2.54 13
Fatigue 7 6 0.9 1.7 0.7 2 92.5% 7.5% 0.99 2.33 3.33 28 -2.33 0.07 1
Fatigue 7 6 0.9 1.7 0.7 3 80.5% 19.5% 0.99 2.33 3.33 28 -2.33 0.07 1
Deformation 39 43 1.1 3.3 0.9 20 63.2% 36.8% 0.99 2.33 5.39 220 -2.33 1.21 3
Deformation 39 43 1.1 3.3 0.9 10 86.6% 13.4% 0.99 2.33 5.39 220 -2.33 1.21 3
M07 NB 6
Pavement site 
sections
M05 CW 4
P(X<x) P(X>x)Performance life 
(msa) (msa)
COV 
(%)
x (msa) P(X>x) P(X<x) Desired 
probabilityૃ ൌ ܔܖૄ െ ૙Ǥ ૞૆૛ ૆ ൌ ܔܖ ૚ ൅ ોૄ ૛
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values; and variations due to lack-of-fit of the design models.  Quantifying and 
analysing variability of pavement materials and design inputs was found 
therefore to be fundamental in developing a probabilistic-based design that 
evaluates reliability. 
A summary of the variability of design input parameters from published sources 
was presented.  The results of various sensitivity analyses carried out in the 
past to assess the variability of each design parameter and to measure its 
effect on the design were (for fully flexible pavements): 
x The most influential design inputs on reliability were layer properties and 
thickness, followed by traffic and lack-of-fit error. 
x The parameters with the greatest influence on the variability of predicted 
fatigue performance, without considering variable loads, were AC (asphalt) 
modulus and thickness. 
x Fatigue cracking was affected by changes in the asphalt layer thickness 
while it was unaffected by changes in the granular base layer thickness. 
x The parameters with the greatest influence on the variability of predicted 
deformation (rutting) performance, without considering variable loads, were 
the granular base thickness, AC (asphalt) thickness, and stiffness of the 
subgrade. 
x If the traffic axle weight variability was added the output variability for 
fatigue and deformation performance was significantly changed (i.e., more 
than doubled). 
10.2.2 Literature review on reliability in 
pavement design (chapter 3) 
The review of the literature available in the UK, US, France and Australia, 
showed that design reliability is becoming increasingly important for 
consideration in pavement design procedures and whole-life cost analysis.  
Modern design methods were found to be moving towards a probabilistic 
approach to design because it is better suited to treat the variety of uncertainty, 
namely that related to the prediction of traffic loading and prediction of 
pavement performance.  The variability observed in pavement performance 
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was reported primarily to be derived from variability in pavement materials, 
layer thicknesses, climatic effects, and the distribution of pavement distress 
along the length of the pavement may vary as a result. 
To account for input variability, different techniques are available and the 
Monte Carlo simulation (MCS) technique was reported by many authors as the 
simplest, albeit time consuming and costly, to be implemented in computer 
programming.   
Other reliability analysis techniques, such as FORM and PEM ± including a 
new point estimate approach called the method of moments (MM) ± were also 
discussed and compared with the MCS technique.  The moment method in 
particular, being very simple, requires neither iteration nor the computation of 
derivatives, and thus was found convenient to be applied to structural reliability 
analysis. 
10.2.3 Methodology (chapter 4) 
The sites used in the research were eight in total and were mainly motorways 
with two sites being of a thinner pavement construction.  All sites had a fully 
flexible construction.  The survey data available for these sites were: GPR, 
cores, FWD, DCP, ITSM and traffic data.  The survey data referred to lane 1, 
the most heavily trafficked lane.  The length of each site varied but, wherever 
possible, a length of 1km was used.   
The theory behind Fourier analysis and the Method of Equivalent Thickness 
(MET) were introduced in this chapter.  Fourier analysis was explored to obtain 
information about the frequency characteristics of the GPR profile data for 
future artificial generation of layer thickness in Monte Carlo simulation.  
The MET technique was utilised because it is very powerful when calculating 
stresses and strains for a large number of pavement structures, for Monte 
Carlo simulation.   
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10.2.4 Statistical characterisation of layer 
thickness variability (chapter 5) 
A statistical analysis of the GPR data collected on each site was presented in 
terms of mean, standard deviation, coefficient of variation and probability 
distribution.  Results showed that the probability distribution for the layer 
thickness for the UK sites could be considered normal and the coefficient of 
variation was broadly similar to those reported in the American literature (e.g 
average 10% COV for the asphalt layer and 15% COV for the subbase layer).  
The generation of random signals for Monte Carlo simulations was presented.  
The methodology used Fourier Analysis to generate random asphalt and sub-
base thickness profiles which had similar frequency characteristics to the real 
case study profiles. 
For the research analysis, the total asphalt and granular sub-base layer 
thickness probability distribution was assumed to be normal.  Also, the asphalt 
and the sub-base layer thicknesses were considered uncorrelated. 
10.2.5 Statistical characterisation of asphalt 
stiffness modulus variability (chapter 6) 
The accuracy in the back-calculation of pavement layer moduli was analysed.  
The impact of three major sources of errors on the back-calculated pavement 
layer moduli ± namely pavement thickness errors, random deflection errors 
and limited number of data points ± was discussed and a technique to calculate 
WKHµWUXH¶DVSKDOWVWLIIQHVVYDULDWLRQwas reported.  The analysis was done on 
a limited number of pavement structures and the results were compared with 
previous research findings. 
The main observations made in this chapter were: 
x Both laboratory and in-situ determination of stiffness modulus should be 
used to perform a full pavement evaluation. 
x In order for the FWD back-analysis to give reliable estimates of the in-situ 
asphalt stiffness modulus, it is essential to use accurate pavement layer 
thickness information.  For example, a 15 per cent underestimate of the 
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thickness of a bound layer can result in a fifty per cent overestimate of the 
stiffness of that layer. 
x The average error due to random measurement deflection error was less 
than 1% on back-analysed asphalt stiffness and close to 0% on back-
analysed subgrade stiffness. 
x The effect of random deflection measurement error can be minimised by 
making at least three replicate drops at each drop height. 
With both the effect of random error in the deflection measurement and the 
effect of variation of layer thickness included in the analysis, a relationship was 
proposed to calculate the adjusted standard deviation. 
x The effect of limited number of data points on back-calculated moduli 
showed that: 
x The accuracy of the mean stiffness modulus estimates depends on 
the ratio of estimated standard deviation to true stiffness modulus 
and the number of samples. 
x The accuracy of the standard deviation of the layer stiffness 
modulus estimates depends on the number of samples. 
x Based on the plots of ITSM tests on the M01 site, the coefficient of variation 
of the asphalt layer stiffness modulus appeared, on average, to range from 
10% to 30%. 
x A lognormal probability distribution was found representative of the asphalt 
layer stiffness modulus. 
10.2.6 Statistical characterisation of 
subgrade stiffness modulus variability 
(chapter 7) 
An overview of different methods to estimate the subgrade stiffness, spatial 
and seasonal variations of subgrade stiffness and WKHUHVXOWVRIWKHDXWKRU¶V
attempt to assess the subgrade stiffness variability were discussed in this 
chapter.  The main findings were:  
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x California Bearing Ratio (CBR) and Repeated Load Triaxial (RLT) tests, 
Dynamic Cone Penetrometer (DCP), Falling Weight Deflectometer (FWD) 
and Light Weight Dynamic plate (LWD) are the main methods used 
worldwide to estimate the subgrade stiffness.  Empirical and local 
correlations are used between the tests methods above with consequent 
variability in test results depending on the particular method used.  
x Based on D µFXVXP¶ DQDO\VLV on the available sites, the coefficient of 
variation of the back-analysed subgrade stiffness modulus for almost all 
sites varied from a minimum of 8% to a maximum of 30%, with an average 
value of 20%.  The high uncertainty sometimes observed in the data is 
probably due to the small sample size derived from the cusum analysis. 
x A lognormal probability distribution was found in most cases to be 
representative of the subgrade stiffness. 
Based on a sensitivity analysis of design input parameter variability on the 
available sites, it was found that the stiffness of the subgrade (Esg) has a great 
influence on the variability of predicted deformation (rutting) performance 
together with the granular subbase thickness (Tsb) and the asphalt thickness 
(Ta).  The effect of the variability in subgrade stiffness was found to be less 
pronounced with respect to the fatigue life of flexible pavements. 
10.2.7 Proposed model to predict the 
pavement design life (chapter 8) 
A large number of computer programs have been developed for calculating 
stresses, strains and displacements in layered elastic systems, such as the 
BISAR software developed by Shell.  BISAR is believed to provide reasonably 
accurate values of stresses and strains in pavement response models but the 
main limitation is that only a maximum of 10 pavement structures can be 
analysed at a time and all input parameters need to be inserted manually by 
the user.  Consequently, the software is not suitable for obtaining stresses and 
strains for a large number of pavement structures.   
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A simplified method for calculating stresses, strains and displacements in 
OD\HUHGHODVWLF V\VWHPV LV UHSUHVHQWHGE\2GHPDUN¶V0HWKRGRI(TXLYDOHQW
Thicknesses (MET).   
Values of asphalt and subgrade strains were calculated with both the Method 
of Equivalent Thicknesses (MET) and the BISAR software for a large number 
of flexible pavements (3-layer systems).  The analysis showed that, while 
subgrade strains were predicted acceptably well, differences greater than 
±10% exist between the two methods in the case of the asphalt strains.  To 
overcome some limitations of the MET method and, therefore, to reduce the 
differences between the two methods an alternative model was proposed, for 
the calculation of the asphalt strains.  An alternative model for the fatigue life 
was also introduced.  The proposed models provide a simple and efficient 
method for practical purposes, for example in Pavement Management 
Systems or in simulation of pavement deterioration, where stresses and strains 
must be calculated a large number of times.   
This involved the calculation of an Equivalent Foundation Modulus (EFM), 
which in this analysis represented the contribution of both the foundation layers 
and the asphalt layer.  A linear regression analysis was presented which 
allowed the prediction of values of asphalt strain and fatigue life calculated with 
BISAR from those obtained with the MET methodology and with a relatively 
high level of confidence.  Approximately 93% of predicted strains were found 
to lie within 10% of the BISAR-GHULYHGYDOXHV$µSURIHVVLRQDO¶IDFWRUZDVDOVR
discussed which represents uncertainties of the assumptions and 
simplifications used in the proposed design model. 
Because of variability in subbase stiffness values found from real site data, an 
alternative deformation model was also introduced which accepts a relaxation 
in one of the MET conditions.  The proposed relaxation was for the ratio of 
subbase stiffness over subgrade stiffness to be greater than or equal to 1 while 
keeping all other conditions of validity of the MET method.  The alternative 
deformation model was demonstrated not to introduce a significant difference 
in variability when compared to the model where all the original MET conditions 
are satisfied (i.e., the one which only accepts Esubbase/Esubgrade >2). 
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Finally, a comparison of results for selected pavement structures resulting from 
both 3-layer and 2-layer models employed in back-calculation analysis, 
suggested that the preferred pavement model, for more reliable results in both 
back-analysed layer stiffnesses and performance lives (fatigue and 
deformation), was a 3-layer structure. 
10.2.8 Monte Carlo simulation and design life 
probability distributions (chapter 9) 
Two methods were presented to estimate the variability of the fatigue and 
deformation life of a pavement structure to account for uncertainty of input 
variables, namely the Monte Carlo Simulation (MCS) and the Method of 
Moments (MM) methods. 
Both methods were shown to give similar results in terms of variability as 
expressed by the coefficient of variation (COV).  For the range of sites 
considered in this research ± excluding the sites with thin asphalt layer ± the 
average coefficient of variation (COV) for fatigue and deformation life (not 
corrected for model bias) from both methods can be assumed to be ~90% and 
~70% respectively.  The probability distribution that best fits both fatigue and 
deformation lives was shown to be lognormal.   
Finally, the research showed that when considering the mean values only of 
the input variables the fatigue life results were conservative compared to those 
obtained by considering variability of the input variables.  However, the 
opposite was true for the deformation life, i.e. the mean deformation life was 
underestimated when variability of the input variables was not considered.  
10.3 Recommendations for further work 
10.3.1 Investigation on how design relates to 
in-service performance  
The research has shown how important it is to achieve low variability to ensure 
a satisfactory performance of a pavement structure through its design life.  An 
under-performing pavement structure will inevitably lead to increased 
maintenance and rehabilitation costs at an earlier stage in the pavement 
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service life and will ultimately increase the life cycle cost.  Contractors should 
be incentivised to achieve in-service performance and at the same time not 
incentivised to exceed the designed in-service performance due to the limited 
benefits in LCC terms.  To implement knowledge of the effect of variability in 
construction practice, variability could be rationally incorporated into 
specifications and form a defensible basis for price adjustment systems for 
contractor quality.  A revision of current specification requirements is required 
to assess their robustness and/or weaknesses.  Revised threshold values 
and/or different methods to assess as-built variability could be implemented.  
The performance specifications must, however, be realistic and achievable for 
the contractor. 
10.3.2 Include variability in life cycle cost 
analysis 
An assessment of including variability in life cycle cost analysis has not been 
carried out.  A sensitivity analysis could be carried out to show how variability 
affects the life cycle cost of a pavement over a 40 year analysis period, for 
example.  This information would help highway authorities to make more 
informed decisions about future level of funding for road improvement and to 
reduce maintenance and rehabilitations costs.   
10.3.3 Apply research to a larger number of 
real sites 
Only eight sites were included in this analysis.  A larger sample should be 
included to validate the research results for possible future development into 
design and construction practice procedures.  Each site should have sufficient 
survey information to make a consistent assessment of the data, including 
more ITSM stiffness data.  
10.3.4 Variability to include more material 
properties 
This research has concentrated on the assessment of variability of key 
pavement design input parameters, namely layer thickness and stiffness.  To 
complete the research other important design properties should be considered 
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such as traffic, bitumen content and compaction (i.e., air voids percent) to 
name the most critical ones.  Also, the analysis should be completed to include 
the effect of correlation among selected pavement variables, such as between 
the asphalt and subbase layer thickness and/or between asphalt thickness and 
stiffness, on pavement life and performance correlation between variables.  
The research could also be extended to hydraulically bound layers, i.e. flexible 
composite pavements, and possibly to surface damage (fretting, potholes) as 
predictive methods become available. 
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A1 Mean, standard deviation and coefficient of 
variation for all sites 
A1.1 Asphalt mean, standard deviation and coefficient of variation 
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A1.2 Sub-base mean, standard deviation and coefficient of variation 
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A1.3 Ratio of standard deviation over mean for asphalt and sub-base 
layer thickness 
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A2 Layer thickness distribution from GPR surveys 
A2.1 M01 
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A2.2 M02 
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A2.3 M03 
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A2.4 M04 
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A3 Construction tolerance 
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A3.2 M02 
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A4 Monte Carlo Simulation results 
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A4.1.2 Section 16 
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A4.2 M04 
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A4.2.3 Section 20 
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A4.2.4 Section 30 
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0 100 200 300 400 500 600 700 800 900 1000
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
0.5
Distance (m)
Th
ic
kn
es
s 
(m
)
 
 
P(Ta) = 0.235m; V(Ta) = 0.008m; COV(Ta) = 3.57%
P(Tsb) = 0.300m; V(Tsb) = 0.059m; COV(Tsb) = 19.7%
Asphalt thickness (m)
Sub-base thickness (m)
0.2 0.21 0.22 0.23 0.24 0.25 0.26 0.27
0
10
20
30
40
50
60
Data
De
ns
ity
 
 
Asphalt Thickness (m)
Normal
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
0
1
2
3
4
5
6
7
Data
De
ns
ity
 
 
Subbase Thickness (m)
Normal
  
 
 Page 345  
 
1000 2000 3000 4000 5000 6000 7000 8000 9000
0
1
2
3
x 10-4
Data
De
ns
ity
 
 
Asphalt stiffness (MPa)
Log-normal
20 40 60 80 100 120 140 160 180 200
0
0.005
0.01
0.015
0.02
0.025
0.03
Data
De
ns
ity
 
 
Subbase Stiffness (MPa)
Log-normal
50 100 150 200 250 300 350 400 450 500 550
0
0.001
0.002
0.003
0.004
0.005
0.006
0.007
0.008
0.009
0.01
Data
De
ns
ity
 
 
Subgrade Stiffness (MPa)
Log-normal
  
 
 Page 346  
 
  
50 100 150 200 250 300 350 400 450 500 550
0
0.001
0.002
0.003
0.004
0.005
0.006
0.007
0.008
0.009
0.01
Data
De
ns
ity
 
 
Modified Subbase Stiffness (MPa)
Log-normal
0 20 40 60 80 100 120
0
20
40
60
80
100
120
140
Fatigue life in msa (LR1132)
m 5th perc. =2msa
m mean =10msa
m 95th perc. =32msa
0 50 100 150 200 250 300 350 400
0
10
20
30
40
50
60
70
Deformation life in msa (LR1132)
m 5th perc. =9msa
m mean =56msa
m 95th perc. =168msa
  
 
 Page 347  
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